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FROM THE EDITORS

The present issue of our periodical, which comes out on the eve of the XXIV congress of the Commu-
nist Party of the Soviet Union, publishes materials reflecting the activities of the member-nations of the
Council for Mutual Economic Aid ["COMECON"] in the development of the peaceful uses of atomic energy.
Two events of note preceded the publication of these articles. A scientific conference centering around the

| topics "Nuclear power, fuel cycles, radiation materials science" held in October 1970, on the occasion of

7 the Jubilee celebration of the 100th anniversary of the birth of V, I. Lenin, on COMECON initiative at
Ul'yanovsk, and a month later the XIX session of the Permanent Commission of COMECON on the peaceful
uses of atomic energy was held in Moscow.

The year 1970 marks ten years since the founding of this Commission, and a report by the chairman
of the Commission A. Petros'yants dealt with the Jubilee celebratlon as did remarks by the heads of all
the delegations.

The Ul'yanovsk conference undoubtedly constituted a great event in the scientific and technical life of
the countries of the socialist commonwealth. This is attested to by the statistics characterizing the scale
of the conference. There were over 200 specialists at the conference from Bulgaria, Hungary, the German Dem
ocratic Republic, Poland, Rumania, the Soviet Union, and Czechoslovakia; the participants at the con-
ference heard about 100 scientific reports.

At the first plenary session, which was held on October 5, the participants at the conference were
welcomed by the first secretary of .the Ul'yanovsk district committee of the Communist Party of the Soviet
Union, A. Skochilov, The heads of delegations took the floor following this, to deliver their reports: R.
Georgiev "On the development of nuclear power industry in the Peoples Republic of Bulgaria," D. Osztrov-
sky "The status of reactor and atomic power research in the Hungarian Peoples Republic," L. Heine "On
some topics in applications of nuclear power," S. Andziejewski "Developmental outlook of the nuclear power
industry in the Polish Peoples Republic," A, Petros'yants "Nuclear power in the USSR," K. Barabas (Czechoslo-
vakia) "Fifteen years of collaboration with the USSR and developments in the fieldof nuclear power." The reports
by L. Heine and K. Barabas are published in this issue; the report by A. Petros'yants ‘will be published in
one of the future issues of the periodical. Unfortunately, the editorial staff has not been able to get hold of
the remaining reports by delegation leaders.

At the second (and concluding) plenary session, the chairman of the organizing committee of the
Ul'yanovsk conference Professor O. Kazachkovskii took the floor to sum up the proceedings of the confer-
ence,

Most of the scientific and technical reports were presented at-two panels on "Design and operation of
nuclear reactors and nuclear power stations" and "Develbpment, investigation, and radiation stability of
structural materials and fuel materials for nuclear power stations." Twenty~five of these panel reports are
presented to the reader in this current issue of the periodical, along with a list of all of the reports pre-
sented at the conference., Despite its wishes, the editorial staff has not been able to print all of the reports
which it finds of great interest; but we hope that this gap will be filled by the publication of the entire pro-
ceedings of the conference sometime during the second half of 1971.

Translated from Atomnaya Energiya, Vol. 30, No. 2, p. 90, February, 1971.

© 1971 Consultants Bureau, e division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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TENTH YEAR OF THE PERMANENT COMMISSION
ON THE PEACEFUL USES OF ATOMIC ENERGY

REPORT OF THE PRESIDENT OF THE COMMISSION*

| A. Petros'yants, President
@ of the Commission, head of
the Soviet Delegation

Ten years ago, in October, 1960, the Thirteenth Session of the Council of Economic Cooperation set
up the Permanent Commissionof the Council of Economic Cooperation on the peaceful use of atomic energy.
Today in holding the nineteenth session of the Commission (or, allowing for an extraordinary session, the -
twentieth) we mark the tenth anniversary of its work. On the occasion of this festival it is appropriate to :
summarize our joint efforts,

The scientific and technical cooperation of the socialist countries in the peaceful use of atomic energy
started in 1955 on the basis of bilateral agreements. The most vital aspect in the first few years of co-
operation was the Soviet Union's scientific and technical aid to these countries in setting up research nucle-
ar reactors, elementary-particle accelerators, and radiochemical and physical laboratories, and also (a |

" particularly important feature) in training scientific personnel, Subsequent cooperation involved the devel
- opment of individual scientific and engineering problems, new forms of nuclear-physics instruments, spe-~
cial equipment and methods of shielding technology, and help in organizing the production of radioactive
isotopes and radioisotope apparatus.

In a very short time the countries of the socialist community assembled and initiated the use of in-
stallations and laboratories which constituted a basis for creating scientific centers of nuclear research.

In setting up these centers and preparing them for operation more than 1000 highly-qualified Soviet specia-
-lists contributed their knowledge and experience, in addition to the national scientific staffs. Furthermore,
over 3000 specialists and young scientists from the socialist countries have undergone education and train=
ing in the Soviet Union; many of these have defended dissertations and received Candidate's and Doctor's

degrees.

In order to ensure wider and more systematic cooperation on a multilateral basis, 1960 saw the sett-
ing up of the Permanent Commission of the Council of Economic Cooperation on the use of atomic energy for
peaceful purposes. The formation of the Commission constituted a reasonable and natural development of
the first stage of cooperation, since at that time the countries constituting members of the Council were
concerned with new problems associated with the use of atomic energy in the popular economy. '

The successful solution of such vast scientific and technical problems as the industrial use of atomic
energy required considerable appropriations, complicated and expensive equipment, a high level in the

* The Report and speeches are published in abbreviated form.

Translated from Atomnaya Energiya, Vol. 30, No. 2, pp. 91-95, February, 1971,

© 1971 Consultants Bureau, @ division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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development of interrelated branches of industry, and the creation of large staffs of scientific workers and
specialists, Under these conditions the multilateral cooperation of the socialist governments, the division
of labor, and mutual aid acquired a particular importance. Within the purview of the Commission for co-
operation were included such important aspects as nuclear apparatus construction, isotopes and tracer com-
pounds, radiation safety and shielding technology, and the use of radioisotope methods and apparatus in
various fields of the popular economy. Following the proposals of a number of countries in 1965, the Com-
mission organized cooperation in reactor science and technology and nuclear power,

During the last 10 years, the Commission for cooperation has completed a great deal of work in the
development of nuclear-physics and radioisotope apparatus. The working group on nuclear apparatus con-
struction has held 20 meetings and considered numerous scientific and technical and production problems;
it has made 55 recommendations, including those on the standardization of detectors of ionizing radiations,
electronic units and devices, dosimetric and radioisotope apparatus, and so on,

The Commission has devoted considerable attention to recommendations on specialization and coop-
eration in the production of nuclear-technology instruments; it has considered and made recommendations
on the specialization of more than 70 types of equipment used in science, industry, agriculture, and medi-
cine,

The following are examples of specialization in instrument production in countries of the Council for
Economic Cooperation: ’

gamma-defectoscopic apparatus: Bulgaria, Poland, the USSR;
nuclear medical instruments: Hungary, the USSR;
nuc/lear—radiation counters: Poland and East Germany;
scintillators: Czechoslovakia and Hungary;

multichannel analyzers: Hungary and the USSR.

Following the decision of the twenty-third (special) session of the Council for Economic Cooperation,
the working group on nuclear apparatus construction discussed the problem of new forms of cooperation:
the creation of an International economic organization on scientific, industrial, and trade cooperation in the
field of nuclear instruments "Interatominstrument" (IAI). In the extraordinary session in October 1969, the
Commission incorporated this question in its "Complex program," and in the eighteenth session in June 1970
discussed the matter and recommended the creation of such an organization to the countries of the Council
of Economic Cooperation,

It is well known that our Polish friends have organized the first session of the Preparatory Committee
on the creation of Interatominstrument. We wish the Preparatory Committee all success in its enterprise.

One of the most important aspects in the activity of the Commission is the development of cooperation
in producing and utilizing radioactive isotopes and ionizing radiations.

In all the countries of the Council of Economic Cooperation, radioactive isotopes and tracer compounds
are now principally manufactured in research nuclear reactors and charged-particle accelerators. Thishas
created conditions for close cooperation between the countries on developing methods for producing isotopes,
regulating isotope production, specializing production techniques, unifying the main parameters and char-
acteristics of the isotopes and tracer compounds, and also exchanging experience.

At the present time the catalog of radioisotope production in these countries embraces over 5000 pre-
parations and sources of radiations, including some 800 types of isotopes and inorganic compounds, 900
organic tracer compounds, 300 radioactive medical preparations, 400 types of standard solutions and phos-
phors, 900 kinds of stable isotopes and specimens with enriched stable isotopes, and over 200 forms of
closed radiation sources.

The Commission has accepted recommendations on specializing the production of 52 radioactive iso-
topes produced in the form of radioisotope products, some 300 inorganic preparations, and approximately
600 organic tracer compounds. The Commission has published a general catalog of radioactive isotopes
and tracer compounds made in the countries of the Council of Economic Cooperation.

During the period of its work, the Commission has considered generalized material relating to the use
of radioactive isotopes and nuclear radiations in various departments of the popular economy of the Council
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Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2




Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2

countries: in engineering and metallurgy, geophysics and mining, the oil and chemical. industries, and build-
ing, On the basis of this information the cooperating countries are now exchanging industrial experience,
technical documentation, instruments, and apparatus,

Tn: the .countries of the Council of Econemic Cooperation, isotopes, tracer compounds, and radiation
-sources are used by 7000 undertakings -and organizations, including 3600 industrial undertakings, 900 medi-
-cal establishments, and over 1600 .scientific~research institutes. Recently the annual growth in the num-
ber of undertakings and organizations using isotopes and tracer compounds, taken over all the Council
countries has amounted to 10%, and in some countries to 30-40%.

In the fifteenth session of the Commission in November 1968, a "Report on the state and further de-
velopment of work relating to the use of radioactive isotopes and nuclear radiations in the popular economy
of the Council .countries” was considered. The generalized data presented in this Report showed that in
various branches of industry some 40,000 radioisbtope instruments are now used, making a substantial eco-
nomic contribution to these countries.

The eighteenth session, held in June 1970, considered and adopted a program for the further expansion
of cooperation. in isotope production between 1971 and 1975. This provided for the complex examination of
problems relating to specialization and cooperation, unification and standardization, -scientific and techmcal
assistance, and the perfection of the iriformation system.

-In view of the formation of a working group on reactor science and technology and nuclear power in
1965 (there have been eleven meetings of .this group), the Commission considered.anumber of important
problems in this field.

The discussion of technical-economic data relating to the installation of 800 MW (electrical)-atomic
power tations with two VVER-400 units (water-cooled water-moderated reactors) and also the.exchange of
experience regarding the design, construction, and use of operative atomic power-stations, all.this-has
played a decisive part in the Council countries in-the development of their national programs relating to nu-

~clear power and to decisions as to the building of atomic power stations.

At the present time nuclear power is being widely developed in the Council countries as a new branch
of power economy.

Bulgaria is providing for the introduction of a first 440 MW (electrical) power unit in 1974, and in the
period up to 1980 the Repubhc proposes introducing atomic power stations to.a total power of 2600 MW (elec~
‘trical).

East Germany intends to bring its total atomic power station capability to more than 3000"MW (elec-
trical) by 1980. Technical-economic calculations show that the cost of electrical power in the atomic pow-
er stations will be.less than in thermal power stations based on brown coal.

Rumania is to build atomic power stations to a total power of 1800-2400 MW (electrical) by 1980, using
reactors based on natural and enriched uranium.

In the Soviet Union a transition is taking place from the first experimental industrial atomic power
stations to the construction of more powerful atomic power stations, chiefly in the European part of the
“Soviet Union, In some regions in which organic fuel is hard to obtain, the increase in power capacity as a
“result of the construction of atomic power stations in:the next ten years will constitute a major proportion
of the total increment in power capacity,

Czechslovakia is intending to erect atomic power stations with water-cooled water-moderated reac-
tors, and is building atomic power stations with heavy-water reactors, the total power of these being esti-
mated as reaching some 5000 MW (electrical) by 1985.

It is here appropriate to mention that the total power of all atomic power stations in the world is al-
-ready more than 17,000 MW. A world-wide estimation of development indicated that in 1980 the atomic
power station capacity will be over 300,000 MW and will contribute of the order of 15% of the power of all
electrical power stations in the world. '

The programs laid down in the majority of the Council countries and the speed of development of nu-
clear power envisagedinthe 80's and 90's present our Commission and the engineers and scientists of the
. various countries involved with immense scientific and technical problems.
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The development of nuclear power on the industrial scale is a complicated and extremely important
problem in popular economy; it demands the cooperative management of scientific institutes and under- _
takings in neighboring branches of industry and a deepening and more perfectly coordinated cooperation be-
tween the various countries belonging to the Council, In order to solve this problem thé Commission is
proposing to undertake a number of important measures in 1970-1972 together with other competent organi-
zations of the Council of Economic Cooperation,

Cooperation is to be developed and perfected in the following fields:

in the field of nuclear medicine, including the development of methods and apparatus, particularly
radioisotope scintillography;

in the field of developing radiative processes and installations of the experimental and industrial type,
principally for the radiative sterilization of materials and the introduction of radiochemical processes into
industry. : '

The introduction of radiative processes into the popular economy may be of considerable significance
~ in improving the welfare of Mankind, By using radiative processes the period of storage of many products
may be substantially extended, the products may be more easily transported, and losses may be significant-
ly reduced, while preserving the quality almost unimpaired, All this is of great economic significance,

The agenda of the nineteenth session incorporates corresponding reports from the Hungarian delega-
tion and the Temporary Working Group on radiation technology, including proposals for cooperation in these
matters,

Unification and standardization play a major partintechnological progress and in ensuring the quality,
reliability, and long life of industrial products. Over the past ten years the Commission has carried out a
great deal of work on the unification and standardization of the materials of nuclear technology and radio-
isotope production.

In summarizing the ten-year activity of the Permanent Commission of the Council of Economic Coop-
eration on the peaceful use of atomic energy, we notice that the principal aspect of this work has lain in
scientific and technical cooperation and the coordination of scientific and technical investigations.

The plan for the coordination of scientific and technical investigations covering the period 1966~1970
includes more than 30 subjects relating to reactor technology and nuclear power, nuclear-physics instru-
‘\ ments and radioisotope apparatus, isotope samples and radiation safety. '

In order to provide a mutual exchange of scientific and technical information in relation to the results
| of the Commission's investigations, three exhibitions and seminars on the apparatus and instruments of nu-
} clear technology have been held, in Moscow, Warsaw, and Leningrad, as well as 18 symposia and confer-
~ ences.

)

Among these scientific and technical proceedings, special emphasis should be given to the scientific
conferences and symposia organized and carried out by the delegations of the Council countries:

Hungary — on the control and monitoring of nuclear reactors and equipment in atomic power stations,
on apparatus for activation analysis, on nuclear devices for medicine;

East Germany — on the safe disposal of nuclear waste, on the hydraulics and heat carriers of nuclear
reactors, on parts used in nuclear instrument making;

Poland - on the physics and technology of research reactors, on new methods of producing radioac-
tive isotopes;

USSR - on fast reactors, on water-cooled water-moderated reactors, on the further improvement of
the characteristics of nuclear instruments, on nuclear power and nuclear materials science:

Czechoslovakia — on the processing and burial of radioactive waste, on the processing of irradiated
nuclear fuel.

In the eighteenth session, the Commission approved a new plan for the coordination of scientific and
technical investigations over the period 1971~1975. This plan provides for the further expansion and per-
fection of scientific —technical cooperation. According to this plan and also the annual plans of the Com-

| mission's work, many conferences and symposia will also be held in this five-year period.
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In'view of the expansion in the industrial use of atomic energy now taking place over the whole world,
the General.Assembly of the United Nations Orgamzatlon the International Agency for Atomic Energy
(IAAE), the European Economic Commission (EEC) the United Nations Organization, and other lnternatxon—
al bodies are now studying questions as to the effect of atom1c energy on the environment,

Questions as to the environment, including the preventlon of the general contamination of the atmo-
sphere, the soil, and the river basins by radioactive materials, inter alia, were considered by a special
symposium of the International Agency for Atomic Energy in 1970.

A special conference of the European Economic Commission is to discuss these problems in Prague
in 1971, so is a conference of the United Nations Organization in Stockholm in 1972,

The Commission's planfor 1971-1972 provides for developing a broad program of cooperation among
the Council countries on radiation protection and shielding technology, including questions relating to the
safety and reliability of operation of nuclear installations, methods and instruments, and also protective
measures, ' ’

In the last two years the cooperation' of the Council countries has been developing on the basis of the
principles laid down in the twenty-third and twenty-fourth sessions of the Council of Economic Cooperation,
which involved the participation of the leaders of the communist and workers parties and the heads of gov-
ernments.

These principles indicate the best ways for developing and perfecting scientific — technical and econo-
mic cooperation on a qualitatively new basis, by extending socialist economic integration among the coun-
tries of the socialist community and seeking new and more effective forms and methods of cooperation.

During the last ten years, our cooperation in the Commission has made great advances in establish-
ing specific practical links and in the constant cooperative search for the solution of new problems., Our
common course now lies in a further coming together and mutual assistance based on socialist economic

~integration; this serves the interest of each country in particular and the aims of the whole somahst com-
munity in general.
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REMARKS BY HEADS OF DELEGATIONS

. N, Ivanchev (Peoples
- Republic of Bulgaria)

Taking note, in his opening remarks, of the fact that the founding of the Council for Mutual Economic
Aid was an act of vast political and economic significance, brought about by the objective requirements of
collaboration between countries that had become liberated from capitalism and were launched on the path-
way of socialist development, N. Ivanchev stated:

"Today, we mark the tenth anniversary of the founding of our Commission. This Commission con- ‘
sists of delegations with their responsible leaders, and a staff of highly skilled specialists, which enables
us to discuss with competence, and solve, problems of major importance in the peaceful utilization of atom=-
ic energy.

Our delegation is in solidarity with the report delivered by A. Petros'yants. But permit me to draw
up a rather brief balance sheet of the work of this Commission. Over its ten years of existence, the Com~
mission has devoted close attention to collaboration in the development of technical progress, to exchange
of scientific and technical documentation, to the training of cadres, and other similar tasks. In its ses-
sions, the Commission has made decisions and offered recommendations to member-nations of the Council
for Mutual Economic Aid inthese matters. A great deal of work has been done on unitization and standard-
ization of various instruments, equipment, and procedures. Unified rules and regulations have been worked
|
|

out governing handling of radioactive materials, transportation and conveying of radioactive materials, and
some of the topics appearing in the coordination plan for scientific and technical research have undergone
impressive development. The first steps have been taken in specialization of some lines of equipment and
instruments. But, as in any other area of progress, specialization confronts some unresolved problems.
The chief prerequisite for improved effectiveness in this area is overcoming parallel operations in the pro-
duction of some products, with the attendant poor concentration and production only in small batches. There
should be further multifaceted coordination of specialization and cooperation in manufacturing, with due ac-
count given to the most complete utilization of the production resources and economic resources of the en-
tire socialist system., ' ‘

In line with the resolution adopted at the XXTII (Special) session of the Council for Mutual Economic
Aid and the 41st session of the Executive Council, our Commission has worked out a many-sided and com-
prehensive program.

In the name of the delegation of the Peoples Republic of Bulgaria, permit me to express-our gratitude
to the heads and members of all the delegations taking part in the Commission for the joint and fruitful acti-
vities which we have been able to engage in."

» Translated from Atomnaya Energiya, Vol, 30, No. 2, pp. 95-98, February, 1971,

© 1971 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
| permission of the publisher. A copy of this article is available from the publisher for $15.00.
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D. Osztrowsky (Hun-
garian Peoples Republic) : "

Pointing out the fact that a scientific and technical revolution has unfolded over the past quarter of a
century in Hungary, simultaneously with the construction of the new socialist society, and that a new branc
of science and industry has begun to develop in that country, viz., the peaceful utilization of atomic energy,}
D. Osztrowsky enumerated the basic ach1evements of his country in that area. He went on to state:

B moee o e

-

"The delegation of the Hungarian Peoples Republic attaches great importance to the work of the Com-
mission, particularly in the accomplishment of those problems which, in line with the resolutions of the
XXIII and XXIV sessions of the Council for Mutual Economic Aid, are directed toward further improvements
in economic and scientific-technical collaboration and socialist economic integration. One of the most im-~
portant problems confronting us is that of laying down, through our joint efforts, the scientific~technical,
production, and organizational prerequisites for accelerating the development and effective utilization on
all levels of the national economy of the member~-nations of the Council for Mutual Economic Aid of nuclear
power on an industrial scale.

The work of the Commission over the past ten years, and the assistance rendered by the Soviet
Union, have contributed to enhancing the role of atomic energy in the economies of the member-nations of
the Council for Mutual Economic Aid. The nuclear power industry is acquiring steadily increasing signi-
ficance in the power sector of the economy. Our collaboration, within the framework of the Commission,
has made it a possibility for member-nations of the Council for Mutual Economic Aid to develop their nuclear
power programs and to start work on the construction of nuclear power stations.

The development of nuclear power on an industrial scale requires such enormous economic and sci-
entific-technical efforts that there will be a still greater need to deepen and expand collaboration still fur-:
ther in this area.

In proceeding to the accomplishment of these new and significant tasks, we can state with assurance
that the ten years of successful activities on the part of the Commission have forged all the necessary pre-

requisites for the further development of collaboration between the member-nations of the Council for Mu-
tual Economic Aid in the field of the peaceful uses of atomic energy."

"The ten years of activity by our Commission have been of tremendous importance for the German
Democratic Republic. The German Democratic Republic, being a relatively small country, would not have
been able to master the utilization of atomic energy through its own efforts alone. Consequently, taking |
advantage of this opportunity, I should like to express our gratitude to our Soviet comrades and friends, who
have aided us in an effective manner, in a spirit of socialist solidarity, in bringing the level of peaceful f
uses of atomic energy up to the prevailing international level in such a short time. Thanks to the deliveries
of the VVR-S research reactor, the U-120 type cyclotron, and the equipment for the Rheinsberg nuclear i
power station, as well as the opportunities to have students trained at Soviet institutes, the decisive scien=

tific and material-technical prerequisites have been laid down in the German Democratic Republic for ac-
tive collaboration on our part within the framework of the Commission. i

it e st i s

The work of the Commission has contributed to a decisive degree to the joint development of a work-'
able general line on the development of nuclear engineering and nuclear power in our countries, This Jomt
development of crucial problems allows us the opportunity to use the resources of the member-nations of | !
the Council for Mutual Economic Aid, in scientific and technical areas, to maximum advantage, and has
allowed us to gain much time in the introduction of nuclear engineering and nuclear power into our natmnal
economy.
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A. Rauh (German Demo-
cratic Republic)

collaboration.

The following results of the work of the Commission havebeen of special’importance to the German
Democratic Republic:

the development of a cbmprehensive program-to.carry out the decisions of the )Q(i_II'Session of:the
Council;
discussion of the nuclear power station project'with 800 MW .water-cooled water-moderated reactors;

the report by the Executive Committee on nuclear power ‘development progress in'the member-natlons
of the Council for -Mutual Economic Aid;

many years of successful work on-the development and production of Lsotope-labeled compounds and
sedled radidtion sources of many types. and sizes and competitive on the world market;

holdlng of expo_s1t-1ons of nucleonic equipment, which has'made a contribution to.the acceptance of nu-
clear engineering techniques in all areas of the national economy.

The achievements and experience registered in the course of our collaboration prove that a new sys-
tem of international relations, one corresponding to the essentials of the socialist structure, tothe interest
of each country in particular, and to the interests of the world socialist system as a whole, has been devel-
.oped between the socialist states.

We are obliged to express our gratitude to all those who contributedto the successful work and reso-
lution-of important problems in the fiéld of the peaceful uses of atomic energy, with the aim of strengthen-
ing and conselidating our countries, and alsoto those who are ready to-join us'in attempting to solve the pro-
blems.of the future."

"The report made by the chairman of the Commission, as well as the remarks made by .the leaders
of-the delegations of Bulgaria, Hungary, and the German Democratic Republic, seem to me to be an excel-
lent reflection of the topic of the ten~year anniversary. I believe that it would:be difficult to add anything
essential to those remarks, and I wish only-to thank comrade A, Petros'yants for his interesting report and
his useful work as chairman of the Commission, and also to wish further success.to all in their work."

In ten years of activities, we have been adopting, step by step, increasingly more effective forms of

Expressing-his deep satisfaction that his first opportunity to participate-in.the work of the Commission
as the assistant head of the Rumanian delegation coincided with the tenth anniversary of the. Commission,
A. Georgescu stated:

"We listened with great interest to the report presented by the chairman of the-Commission, reflect-
ing the important achievements of the member-nations of the Council for Mutual Economic Aid in the field
of atomic energy, -achievements which have been contributed to appreciably by the many-sided collaboration

| between the socialist countries, including Rumania.

In our country, broad opportunities for activities in the nuclear field were opened up as far back as
1956-1957, after-the building of two important complex research facilities, the VVR~S reactor and the cy-
clotron, with assistance from the Soviet Union. A considerable portion of our research has centered
around these two facilities. Our basic cadres, roughly 40% of whom have been-through higher education,
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S. Andzejewski (Polish ! A Georgescu (Socialist

Peoples Republic)

underwent their training at these facilities, as well as at scientific research institutes and educational in-
stitutions of the Soviet Union.

At the present time there exist about 300 nuclear institutions and enterprises in Rumania, and pro-
duction of several nucleonic instruments, radioisotopes, and labeled compounds has been worked out, as
well as production of protective equipment for our own needs in the industry. In addition, we have worked
out a program for further development of nuclear research, which includes building of nuclear electric
power generating stations, '

Unfortunately, because of unprecedented natural disasters which occurred this year in Rumania, our,
original schedules have now had to be revised (we have in mind a postponement of the program of building
nuclear power stations, to go on the line before 1980), but this does not apply to the first nuclear power
station, being built in collaboration with the Soviet Union; quite the contrary, we realistically expect to get
this power station in operation even prior to 1978 as originally scheduled. That part of our program which
deals with research of a fundamental nature, and with expanded applications of nuclear engineering and nu-]
clear instrumentation, is not in for any change. Moreover, we consider that our metallurgical and machin=
ery industry will have developed and mastered techniques and technology which will enable it to participate
to a steadily increasing degree in the construction of nuclear power stations.

Fruitful and many-sided collaboration has been the rule throughout the ten years of work done through
the framework of the Commission. Our country has striven, insofar as possible, to make its contribution
to this cause. We have felt, in turn, the favorable effects of collaboration in all areas, and specifically in \
the area of nuclear power development,

After the XXIII (special) session and XXIV session of the Council for Mutual Economic Aid, activities
within the framework of our Commission became intensified, and the methods of many-sided collaboration
became improved.

Permit me in conclusion, to wish, in the name of the Rumanian delegation, new successes in the
activities of our Commission, and in carrying out nuclear power developmental programs in our countries:

The first secretary of the Embassy of the CSSR [Czechoslovak Socialist Republic] in Moscow, Z.
Tluchor, stated: :

"Permit me, on behalf of the Chairman of the Atomic Energy Commission of the CSSR J. Neumann,
to congratulate you on the occasion of the tenth anniversary of the Commission, The Commission has com-
pleted some important assignments in the years of its existence, We must take note of the great work doné
in preparing cadres, in carrying out standardization programs, and programs promoting applications of
radioactive isotopes andnuclear radiations, etc., and we must particularly stress the importance of colla-
boration in the field of nuclear power. Several successful conferences and symposia sponsored and orga- {
nized by the Commission have been held. Important work establishing the prerequisites for widespread ‘
acceptance of nuclear engineering in all areas of the national economy of the member-nations of the Coucnil
for Mutual Economic Aid has been done. The results acheived stand as testimony to the fact that the Com? '
mission has discharged the obligations imposed on it, and that collaboration between all the delegations has
created the necessary preconditions for the Commission to successfully handle future problems. In the
name of our delegation, I heartily thank the delegation of the USSR and all the remaining comrades for their
international and disinterested collaboration." :
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LETTER OF WELCOME BY N, FADDEEV, SECRETARY OF THE
COUNCIL FOR MUTUAL-ECONOMIC AID

1 wish to ask those in attendance to accept my congratulations on the occasion of the tenth anniversary
of the Permanent COMECON Commission on the peaceful uses of atomic energy.

The establishment of this Commission in October 1960 was an important stage in the organization of
collaboration between the member-nations of the Council for Mutual Economic Aid in the field of peaceful
uses of atomic energy, one of the most crucial areas in scientific and technical progress.

With its activities based on the development of scientific and technical problems in the utilization of
the achievements of atomic science and industry in different areas of the national economy, the Commission
has carried out fruitful and extensive work over the past ten years in the development of many~sided colla-
boration in the field of nuclear power, and this has played a decisive role in the development of national

 programs on the construction of nuclear power stations by the member-nations of the Council for Mutual

Economic Aid.
The Commission has devoted close attention in'its work, to the development of recommendations on
specialization and cooperation in the production of nucleonic instrumentation. '

An important trend in the activities of the Commission has been the development of collaboration in
the production and applications of radioactive isotopes and radiations in scientific research, in industry,
in agriculture, and in medicine. o o

In the course of its activities, the Commission has perfdfmed some crucial wqifk in developing uniti-
zation and standardization of nuclear hardware and radioisotope products, and has accepted over a hundred
recommendations dealing with standardization. '

Scientific and technical collaboration within the framework of the Commission has been 2 factor render-
ing great assistance to the various countries in establishing and developing their own respective atomic
science and industry, in the organization of scientific centers for nuclear research and for the training of
scientific cadres.

Over the past ten years, collaboration between member~nations of the Council for Mutual Economic
Aid within the framework of the Commission has been steadily moving forward, on the path to establishing
concrete practical liaisons and a constant search for solutions to new problems and tasks, .

In recent years, the activities of the Commission have been centered on fulfilling the resolutions of
the XXIII and XXIV sessions of the Council for Mutual Economic Aid, which set down guidelines for further
development and improvement of scientific-technical and economic collaboration on the basis of socialist
economic integration, featuring utilization of more effective forms and methods of collaboration.

The Commission has achieved positive results thanks to the active collaboration of leaders of delega-
tions and of a large number of scientists and engineering and technical workers,

1 wish all the participants of the Commission new successes in their work.

Translated from Atomnaya Energiya, Vol, 30, No, 2, p. 98, February, 1971,

© 1971 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New .Yor/f,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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SCIENTIFIC-TECHNICAL CONFERENCE ON ATOMIC POWER, FUEL CYCLES,
AND RADIATION EFFECTS IN MATERIALS: PLENARY PAPERS

SOME PROBLEMS IN THE USE OF NUCLEAR POWER
A. Rauh and L. Heine
It is now clear that further electrification of our countries during the next decade will be based more

and more on atomic power. We discuss below some of the problems of predicting the development, start-
ing from the premise that we can successfully solve these problems only with socialistic collaboration,

Nuclear power from nuclear fission and thermonuclear reactions provides a new primary power source

which will be available practically indefinitely. In contrast to other methods, the generation of electric
power by nuclear fission can lower the power cost, decrease the manpower needs, improve industrial and
everyday conditions for power plant personnel and people living in the vicinity, improve the purity of the
biosphere, and ensure a more reliable power supply, particularly during the winter months, since the op-
eration of an atomiec power plant is less dependent on climatic conditions.

At the present time most of the power in the German Democratic Republic (GDR) is generated by the
combustion of lignite. A radical change in the pattern of power sources is contemplated for the future, how-
ever. The conversion to nuclear power in the GDR is necessary also because the cost of mining lignite is
increasing.

For the above reasons exceptional importance is attached to the development of atomic power in the
GDR. Up to 1980 we propose to prepare for the transition to the generation of electric power on an indus-
trial scale by atomic power plants and to start up the first large scale atomic power plants. One of these
is the Nord atomic power station now under construction on the Baltic seacoast near the town of Greifswald.

After 1980 increased power demands will have to be met largely by atomic power plants. The develop-
ment of nuclear power, however, cannot be discussed apart from the development of the power industry as
a whole. This development is related to the pattern of power demands, to the development of investment
funds and working capital, to the utilization factor and the possibility of operating power plants at various
load factors, to the automation of the whole power supply system, and to the combination of atomic power
plant operating conditions and local conditions.

The problem which has decisive importance for the development of nuclear power is the lowering of
atomic power plant costs, and the essential factor here is the increase in the power of units and individual
plants — the enlargement of equipment. On the basis of international experience it can be predicted that
doubling the power of a unit under present conditions will lower costs by 10-20%. In considering questions
of long-term development it should be taken into account that the power of atomic power plant units will be
increased as installed capacity increases. Only such an approach holds the expenditures for experimental-
structural, design, and structural-assembly operations, and the number of structural items to a level just-
ifiable by the national economy. This applies also to the total power of the atomic power station. The com-
bined power grids of our countries will be stable enough to permit placing atomic power plants at sites
which will allow the necessary increase in unit power,

An essential prerequisite for lowering costs is the development of optimized plans and designs for the
mass production of standard atomic power plants using efficient modern construction and assembly technol~
ogy. In addition operating conditions must be achieved which will lower the servicing costs, permit an op-
timum ordinary maintenance routine, and at the same time ensure a high utilization factor. Since we must
seek the lowest construction costs, preparatory work, especially design, is of great importance.

Soviet scientific research collectives have madé advances in the field of reliable and high-power fuel
element development which have set the scientific and technical world standards.

Translated from Atomnaya Energiya, Vol. 30, No. 2, pp. 99-102, February, 1971.
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The lowering of fuel costs requires not only a steady increase in the overall efficiency of atomic pow-
er plants, but also a close cooperation between our countries in developing a highly productive fuel industry
to ensure a reliable and economical supply of fuel elements and assemblies to atomic power plants,

The varied and complex problems posed greatly exceed the scientific, technical, and economic capa-
| bilities of a single country such as the GDR.

We can develop nuclear power in our countries only if we can organize long-lasting close cooperation
between our countries, particularly with the USSR, at all stages of the material procurement process, and
achieve an appropriate division of work and specialization in the development and construction of systems
and equipment subassemblies.

| A complicated but important problem of reactor strategy arises in connection with the development
of nuclear power, i.e., the choice of the type of atomic power plant for further development, We consider
| a two-type strategy the most effective, and foresee the use of pressurized water reactors in the first stage
| and sodium~cooled fast-breeder reactors in the second.

| Accordingly the initial units at the Nord atomic power plant will have 440 MW water-cooled water-

| moderated reactors developed in the USSR, The first units should be started up in the course of the next
Five-Year Plan. In the second half of the nineteen seventies we intend to turn to units with 1000 MW re-
actors. Thus in the seventies we will install a highly developed type of atomic power plant to ensure high
reliability of operation and a high utilization factor to permit us to achieve favorable technical and economic
showings. All this will be a logical development of the chain begun with the construction of the atomic pow-
er plant at Reinsberg, '

Water-cooled water-moderated reactors have some disadvantages too, such as the poor utilization of
nuclear fuel (0.5%, and no more than 2% for a closed cycle), and the fact that it is difficult and expensive to
increase their power significantly. Because of the limited supplies of natural uranium these drawbacks ne-
cessitate the introduction of industrial-scale fast-breeder reactors as quickly as possible. On the basis of
the high level of technical work in this direction achieved in the USSR we assume that reactors of this type
will be introduced in other countries of the CMEA GDR during the first half of the nineteen eighties. These
reactors significantly increase the efficiency of electric power plants, lower the fuel cost, and solve the
fuel problem by their high utilization of uranium. Therefore the problem of producing an effective fuel econ-
omy, in particular of a closed fuel cycle, becomes especially important, Only this enables the economic
advantages of breeder reactors to be completely realized. Whereas the operation of atomic power plants
with water-cooled water-moderated reactors will lead to a fuel economy in our countries based on contrac-
tual cooperation with the USSR in obtaining fresh, and if it is expedient, reprocessed spent fuel, the use of
breeder reactors will of economic necessity require the creation of fuel cycle systems in other countries
as well as in the USSR, '

In view of the considerable increase in installed electric capacity at atomic power plants it is to be
expected that at least some of the fast reactor atomic power plants under construction will be started up on
enriched uranium. Therefore cooperative studies directed toward a reduction of the demands for natural
uranium to a minimum and toward the removal of the peak requirement for enriched output predicted for
1990 must be performed in time. Such studies are very complicated since they must examine the whole
atomic power plant system. In developing an atomic power plant system the fuel economy requires taking
account of a new functional relation. This emphasizes the complex nature of nuclear power problems,

Another important atomic power plant problem is the choice of site. In contrast with conventional
power plants atomic power plants have the advantage that in principle they are independent of the location
of the fuel supply. One can then try to choose the power plant site on the basis of power demands. The
demonstrated safety of atomic power plants already permits their construction near high power demand cen-
ters. Site selection for an atomic power plant is limited mainly by the adequacy of the water supply for
cooling the turbine condensers. This applies both to once-through cooling and to cooling with cooling towers,
The development of air cooling systems in the future will permit the choice of power plant site to be made
from considerations of increased power plant efficiency. To this end cooperativé research must be directed
toward using this method in connection with the enlargement of atomic power plant units and to a significant
improvement of their technical and economic showings. It is also necessary to consider methods of distri-
buting electric power in a combined grid, the properties of soils and ground water, meteorological condi-
tions, conditions for connecting the building area with the transport system, problems of producing everyday
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items, connecting small residential areas with already assimilated parts of the territory, and minimum use
of agricultural areas, The final solution is adopted as the result of economic optimizations directed toward
minimizing the costs which depend on local conditions, taking account of all interacting factors. The first
studies showed that there are many places in the GDR of equal economic value as sites for power plants,
guaranteeing them adequate power, '

In conclusion we take note of a problem which we believe will become more and more important as time
goes on. :

The national economy requires a large amount of useful energy in the form of heat, mostly hot water
and steam. The replacement of these energy sources by electricity will take place gradually and in addition
this transition is essentially dependent on lowering the cost of electrical energy. Therefore the question of
using atomic energy for heating is of ever increasing interest. Experiments have shown that the combined
generation of electrical and thermal energies by an atomic power plant is economically competitive with
other methods of producing thermal energy. These experimental data are applicable to the types of power
plants being designed or constructed at the present time in the USSR. A question arises in connection with
large-scale atomic power plants constructed in regions where there is a large demand for thermal energy.
In this case special problems arise related to the choice of suitable locations ensuring minimal extension of
central-heating networks, the presence of an adequate supply of cooling water, and the creation of reserve
power to ensure the reliability of the heat supply.

In this paper we wanted to touch upon a number of broblems which must be solved in the forthcoming
Five-Year Plan. No matter how difficult and complex these problems may be we will solve them, and there-
by contribute to the economic and political solidarity of our countries.
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FIFTEEN YEARS OF COOPERATION WITH THE USSR IN ATOMIC
TECHNOLOGY, AND THE PROSPECTS OF THE DEVELOPMENT"
OF NUCLEAR POWER IN CZECHOSLOVAKIA

r K. Barabas

| The use of atomic energy in order to produce electrical power has opened up important new prospects
for satisfying power requirements; the importance of this lies in the fact that Czechoslovakia's own resources
‘ of mineral fuel will be exhausted in 50-60 years time. On April 23, 1955, the first agreement between the -
' Soviet Union and Czechoslovakia in relation to the setting up of an Institute of Nuclear Studies in Rzez near
Prague was accordingly signed. The Soviet Union guaranteed the main equipment (the water-cooled water-
moderated reactor and the cyclotron) and helped train Czechoslovakian specialists. In this way we were
gradually able to assimilate the theoretical and practical bases for the peaceful use of atomic energy. '

Of considerable importance in the cooperation between Czechoslovakia and the Soviet Union in the
peaceful use of atomic energy was the agreement signed in March 1956 regarding the assistance of the Soviet
Union in designing and building the first Czechslovakian atomic-power station. This station has a power of
150 MW and uses a heavy-water reactor cooled with carbon dioxide, the fuel being in the form of natural
metallic uranium; at the present time the station is ready to go into service, the physical initiation being
planned for June 1971. All the necessary measures are being taken in order to introduce one of the three
50 MW turbines into service by the end of September 1971. The delay in constructing our first atomic-
power station is mainly due to pessimism regarding nuclear power between 1958 and 1962, as a result of
which the installation of the first atomic-power station A-1 was almost halted for four years. Another rea-
son was the fact that the A-1 was designed for a power of 150 MW, this power being large for a prototype.
It should nevertheless be pointed out that the eréction of the A-1 station has enabled us to educate our own
staff of scientific and technical specialists and set up the basic conditions in the engineering industry for
producing the technological egiupment required in nuclear power.

In view of the fact that there will be a substantial deficit to cover in the energy balance of the country,
even in the 1971-1980 decade, Czechoslovakia is now erecting atomic-power stations with reactors of the
VVER-440 (water-cooled water-moderated) type, which have already been tested in service. On the recom-
mendation of the Czechoslovakian Commission on Atomic Energy, the Czechoslovakian Government has re-
quested the Soviet Government to erect two atomic-power stations by 1980, each with two reactors of the
type mentioned. A corresponding agreement was signed by the two Governments on April 30, 1970. Accord-
ing to this agreement, the Soviet Union will supply the set of equipment for the whole of the first circuit,
while Czechoslovakian factories will supply the equipment for the second circuit. In July 1970 the President

of the State Committee on the Use of Atomic Energy of the

TABLE 1. Forecast of the Structure of USSR, A, M. Petros'yants, and the President of the
Power Sources (%) Czechoslovakian Commission on Atomic Energy, Jan
Neumann, signed an agreement on the carrying out of
Source of power g1l 812]|¢g cooperative scientific and technical work in the develop-
Eal - -— -— - [2\]
ment of water-cooled water-moderated reactors and fast-
Atomic-powerstations| — | — | — | 3,3[17,9]40,4 neutron reactors of high specific powers.
0il 1,6 7,3 23,; 29,8 31,? 25,13, :
Natural gas ) — | 2, .31 7,6) 6,1 4, During the 15 years of cooperati ith USSR i
Brown conl 41,3|47,1]43.5(34.0| 27,5 19,0 _ g the 15 years of cooperation with the USSR in
Ordinary coal 55.9|40.6|30.3|23.1|14.1! 8.6 the field of atomic technology, more than 1000 Czechslo-
h?ﬁ?;i%f“é mater- 1,2 2,3 2,3} 2,2| 2,5} 2.3 vakian specialists have been trained in Soviet institutes
tric powery in Moscow, Obninsk, Khar'kov, Melekess, and the

Translated from Atomn‘aya Energiya, Vol. 30, No. 2, pp. 102-104, February, 1971,

© 1971 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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Novo-Voronezh and Beloyarsk atomic-power stations. All this bears witness to the fruitful cooperation be-
tween the USSR and Czechslovakia,

Regarding the prospects of the development of nuclear power in Czechoslovakia, it should be noted
that over a number of years we have been holding discussions with specialists in the field of classical power
in order to advance the development of nuclear power. In making economic comparisons, some of these
specialists have tended to separate nuclear power out from the overall economical estimate; this has rather
concealed the fact that the results of research and development in the field of nuclear power concern every
branch of technology and popular economy.

Without accepting this feature of atomic power it is impossible to understand its importance in the
popular economy and in the scientific and technical revolution upon which we are now entering.

On the other hand, it became absolutely vital to further the concept of the development of nuclear pow-
er up to 1980, not only from the point of view of overcoming the deficiency in the energy balance, but also
from the point of view of creating conditions for research activity in the present decade (1971-1980) together
with the wider development of industrial and construction work in connection with the installation of atomic-
power stations, which after 1980 will provide almost the whole of the growth in electrical power.needed.

All the work which has already been done, together with forecasts of the development of power in Czechoslo-
vakia, emphasize the necessity of the extensive construction of atomic-power stations (Table 1).

The structure of the use of power sources in Czechoslovakia differs substantially from that of all the
developed countries, primarily in the high relative use of coal and the low relative use of electrical power. -
Furthermore, at the present time, our specific consumption is some 6 units of comparison fuel per inhabit-
ant per annum, which gives Czechoslovakia third place (after the United States and Canada) in the world;
at the same time this indicates the extremely high consumption of power per unit national revenue,

Of course, brown coal, with its high ash and sulfur conient, presents problems from the point of view
of preserving the environment. Thus, for example, in Prague 80% of the inhabitants suffer from environ-
mental contamination, In certain parts of Prague the contamination is four to seven times more than the
norm, which in Czechoslovakia equals 150 tons of solid fall-off per 1 km?/year. In Brno the norm is ex-
ceeded by a factor of 10. Roughly the same applies to other cities, for example, in Pilsen, Bratislava,
and Ostrava, where the solid fall-out reaches 650 tons /km?/year,

All this indicates the vital importance of building atomic-power stations, On the basis of concepts
developed by the Czechoslovakian Committee of Atomic Energy, forecasts for the period up to 1990 indicate
the following introduction of atomic-power station capacities:

1980 1985 1990

Atomic-power station capacity, thousand MW (electric) 1.7 5.0 12.0
Proportion of total capacity, % , : , 7.7 17.1 29.4
Proportion of total power production, % _ 12.0 26.1 41.8

If the erection of thermal-power stations is to be limited from the point of view of protecting the en~
vironment, the capacity of the atomic~power stations will have to be raised by 2500 MW in 1985 and 3500
MW in 1990.

In addition to the construction of atomic-power stations for power purposes, it is also intended to
construct atomic heat and power centers, which in addition to electrical power will also produce heat com-
munity and industrial needs. Estimates indicate the economic viability of atomic heat and power centers.
The best place in Czechoslovakia to build the first of these is Brno, which has a well-developed heat-supply
system; furthermore this city particularly needs environmental improvement,

As noted earlier, doubts as to the feasibility of carrying out the program of erecting atomic-power
stations with heavy-water reactors in the set time, together with the growing need for power, have com-
pelled us to consider the necessity and desirability of importing atomic-power: stations already tested on
the industrial scale., This necessity arose from the Government's insistence on comparing different types
of reactors, especially those of the heavy-water type.

The Czechoslovakian Committe of Atomic Energy gave preference to the VVER~-440 reactor and re-
commended to the Government that discussions should be initiated with the USSR regarding the supply of
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two atomic-power stations (each with two VVER-440 reactors) to be put inte service by 1980. A corres-
ponding agreement has now been reached between Czechoslovakian and Soviet Governments.

On reconsidering our preference for the construction of atomic-power stations with VVER-440 reac-
tors at the present time, T am convinced that this decision was a right one politically as well as from the
economic point of view. The decision opens up new prospects for extensive industrial cooperation between
member countries of the Council of Economic Cooperation, chiefly with the USSR, and in ‘my own opinion
will assist fundamentally in solving the problem of economic integration within the framework of the Council.
Our decisions are also justified by current circumstances in other countries (for example, in France and
Sweden, in which the program of heavy-water reactors is passing through a stage of reappraisal, and also
in Canada, where difficulties have arisen in the supply of heavy water).

In future the installation of atomic-power stations in Czechoslovakia will proceed in close cooperation
with the USSR and the other member countries of the Council for Economic Cooperation, This kind of solu-
tion to problems of -developing nuclear power in the socialist camp will strengthen the political and economic
basis for the whole -of our socialist system.
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DESIGN AND OPERATION OF NUCLEAR REACTORS
AND NUCLEAR POWER STATIONS

BASIC OPERATING CHARACTERISTICS OF THE REACTOR

INSTALLATION IN THE SECOND UNIT OF THE NOVO ‘
VORONEZH NUCLEAR POWER STATION*

L. M. Voronin, F. Ya. Ovchinnikov, UDC 621,311,2:621.039 !
S. N. Samoilov, Yu. V. Malkov,

V. K. Sedov, Yu. V. Markov, ’

A. S, Dukhovenskii, and A. Belyaev i

Part 1. Startup of the Second Unit of the Novo Voronezh ‘

Ndclear Power Station

The second reactor power unit of the Novo Voronezh nuclear power station was brought into operation
in December 1969. The second unit shares much in common with the first unit in terms of basic heat power
arrangements, engineering design solutions, and types of basic process equipment. This second unit con~
stitutes in its own right an entirely new stage in the development of nuclear power stations incorporating
VVER reactors. Below we cite the basic parameters of the second unit:

Reactor thermal power ‘ , 1320 MW

Electrical power output ‘ 365 MW ‘
Number of subloops in first loop ’ 8 ‘
Primary-loop pressure 105 kg/cm? i
Average temperature of primary-loop coolant 260°C

Pressure of dry saturated steam produced in steam generators 32 kg/cm? -

Duration of first campaign 195 effective days

The composition of the first fuel loading, and the nuclear physics characteristics of the first loading,

Number of turbogenerators 5 ‘

|

{

f

are entered in Tables 1 and 2. ‘

The almost 80% rise in thermal power output over that of the firstunitinthis power stationwas achieved \
while using a reactor pressure vessel of the same diameter, through improved utilization of the reactor
core: this involved the use of fuel elements of smaller diameter in the working fuel assemblies (9.1 mm in- '
stead of the previous 10.2 mm), and smoothing out nonuniformities in the power generation pattern through-
out the core. The combined effect was to increase the irradiation level in the core.

The capacity of the steam generator units was increased in a similar fashion: U-tubes of smaller dia-
meter (¢ 16 X 1.4 mm instead of the previous ¢ 21 x 1.5 mm) were used in the vessel of a steam generator
of the same diameter as that installed on the primary loop. This measure increased the surface available
for heat transfer by 40%, and increased steam capacity by a corresponding amount.

Of the fundamentally new engineering solutions adopted in the design of the second unit, in contrast
to those adopted in the first unit, we must single out the use of a self-propelled carriage positioning the
control rod assemblies for scramming the reactor; blowdown purging of the primary-loop water through
ion-exchange columns; compensation of pressure fluctuations in the primary loop by means of steam pres-
surizers; the use of a "dry" reactor refueling system and a heat~sensitive nut-runner to seal the reactor

1

* Part 1 of this report was written by L. M. Voronin, F. Ya. Ovchinnikov, S. N, Samoilov, Yu. V. Malkov, !
and V. K, Sedov, and part 2 was written by Yu. V. Markov, A, S. Dukhovenskii, and A. I. Belyaev.

Translated from Atomnaya Energiya, Vol. 30, No. 2, pp. 105-116, February, 1971.

© 1971 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without ‘
permission of the publisher. A copy of this article is available from the publisher for $15.00. \
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TABLE 1, Composition of First Fuel Load- top cover; monitoring the performance of the steam gen-
ing erating equipment with the aid of IV-500 data-processing
. Uranium enrich- Number of Iuel assemblies machines; cooldown of the reactor and removal of resid~
Lmem, % working , ACRC - ual afterheat by natural circulation through the primary
‘ loop and forced circulation of water through the secon-
}g s ig dary loop.
2.0 93 27 . . ,
3,0 96 12 The performance of the first unit during the startup
: of the second unit facilitated many of the operations in-
Total 276 73 volving blowdown and run-in of the equipment, For in-
' stance, all the turbogenerators in the second unit were

INote: ACRC denotes fuel assemblies incorporated in a
system of automatic control and compensation of ex-
cess reactivity.

tested in operation at power levels of 40 to 60 MW, using
steam from the steam generators in the first unit, there-
by making it possible to carry out startup operations in-
dependently in the reactor division,

The startup operations in the reactor division of the nuclear power station included the following op-
erations: blowdown of the primary and secondary loops, and also of all the ancillary systems, after instal-
lation had been completed; blowdown of the primary loop hot and loading of the subcritical zone; thorough=
going adjustments of the control rod system; inspection of reactor innards (equipment within the pressure
vessel) and of the primary-loop equipment after hot run-in; loading the core for the first campaign; physi-
cal startup of the reactor, bringing the reactor up to 40% power level, on-power overall testing of equip-
ment and process lines for power performance; gradual raising of reactor power to rated output level.

These stages took place during the startup of the first power unit of the Novo Voronezh nuclear power
station as well. But these operations were completed in much shorter periods during the startup of the sec-
ond unit.

Blowdown of Ancillary Systems. Blowdown of various reactor systems after installation was carried
out immediately after installation of each separate system had been completed. The execution of these op-
erations was expedited by the fact that it was now possible to feed chemically desalinated water in sufficient

quantities from the first unit systems.
|

The clearly defined interrelations between the operating personnel and the personnel involved in instal-
lation and rigging work made it possible to eliminate shortcomings as they were discovered, to assemble in
place temporary structures to aid in blowdown and run-in of the reactor ancillary systems, and to bring the
entire system to working order immediately after the blowdown operations had been completed.

In summary, all of the ancillary systems of the primary loop were ready for service before the cir-
culation subloops and the reactor has been washed down.

Pressurizing of the Primary Loop. Preliminary pressurizing of the primary loop, at 150 kg/em?
pressure, was carried out in order to shorten the time required to complete the startup and adjustment op-
erations (this preliminary pressurization did not involve the electrically wired part of the main circulation
pump [GTsN], the regular top units, or the in-pile reactor devices). The scroll of the main circulation
pump was sealed by temporary covers, while the reactor pressure vessel was sealed by a test-stand cover.

The reactor pressure vessel was heated up to 100°C by feeding through steam under 5.3 kg/ cm? from
the main steam header of the first power unit,

Primary~Loop Blowdown. Before blowdown was begun, a metallic structure was set up inside the re-
actor pressure vessel to separate the interval volume of the reactor into two parts. This made it possible
to blow down all the circulation subloops by using a single pump. Coolant was circulated along the follow-
ing path (see diagram, Fig. 1): the head built up by the GTsN-12 pump fed coolant under the reactor pit, and
from there through the cold branch of loop 12 and through the steam generator unit 12 to the intake of the
GTsN-12 pump. The hydraulic resistance in this coolant path allowed the GTsN pump to operate at rated
performance. The GTsN-12 pressure drop was 5 kg/cm? when the temperature of the primary-loop water
was 32°C, and was 6.1 kg/cm? when the temperature of the primary-loop water was 180°C.

The reactor pressure vessel water was warmed up and kept at a stable temperature during the blow-
down operation by supplying feedwater from the secondary loop of the first power unit into the second-unit
reactor vessel via the test-stand cover rig; this feedwater entered at temperatures to 195°C.
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TABLE 2. Redctivity Excess and Effect of Reactiv-

ity Changes

Parameters 0, % Ap, %

Reactivity excess:

at 20°C 13,77 -

at 260°C 10,16 -
Temperature effect (20-260°C) -3.61
Power effect (0-100%) - -1,61
Stationary Xe'®® poisoning * - | -2.80
Stationary Sm'* poisoning* - -0.58
Reactivity excess to compensate bumup* 5.17 -
Effectiveness of ACRC system:

at 20°C - 20.61

at 260°C - 26.71
Initial subcriticality of cores

at 20°C 6.73 -

at 260°C 16.55 -

* At 100% power.

working assemblies in the control and protection system.
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The next subloop to be blown down was con-
nected up without shutting off the GTsN~12 pump.
Blowdown was carried out at pressures of 39-44
kg/cm? in the reactor, and the pressurizers filled
up completely with water. Since the primary loop
was connected to the secondary loop of the first
power unit in operation by means of a 50 mm dia-
meter pipe, the primary-loop pressure corres-
ponded to the head developed by the feedwater
pumps in the first unit, The subloop blown down
was disconnected from the rest of the primary
loop by means of shutoff gate valves; the pump
stator assembly was assembled in the scroll
of the GTsN scroll. The primary loop was blown
down before all the GTsN pumps had been com-
pletely installed, and this meant that the startup
of the second power unit proceeded about two
months ahead of schedule.

Hot Run-In of Primary-Loop Equipment.
The subcritical core was assembled from regular
This was backed up by a loading of 76 boron ab-

sorbing inserts to replace working assemblies, making it possible to raise up all 73 regular control and
protection agsemblies when required to check out and readjust the system,

The regular cover of the reactor, with all the control and protection instrumentation in place, was
installed and sealed after the suberitical core had been loaded (this took from October 2 through October

28, 1969),
the inspection pit.

The system of control mechanisms was first adjusted and checked out while the cover was in
Hot run-in of the primary-loop equipment lasted from November 4 through November

17, 1969, During that period the performance of all the GTsN pumps was checked out under different sets
of operating conditions (with from one to eight GTsN pumps working at once);_ the primary-loop temperature
During that time the control rod system and the system for
monitoring and automatically regulating the primary loop were run through final adjustments, and the per-
formance parameters of the loop equipment were also measured.

ranged from 60° to 220°C during the checkout,

The actual hydraulic resistance of the primary loop turned out to be less than predicted. This made
it possible to attain the design coolant flowrate with seven subloops operatmg (the design flowrate was
48,000 m*/h when the delivery head of the GTsN pumps was 5.2 kg/cm?®, and a flowrate of 49 000 m®/h was

attained with seven subloops operating when the delivery head of the GTsN pumps was 4.3 kg/cm?, converted

to the temperature 250°C).

With eight subloops operating, the coolant flowrate through the reactor reached a level of 53,000 m3/h.

(converted to design parameters), or 8.3% above the design rating.

As a result of the hot run-in, it was found that it is sufficient to have seven circulation subloops of the

steam loop operating in order to reach the design power output level of the core and the required steam ca-

pacity of the power unit,

A decision was made to operate the second power unit at rated output level with seven GTsN pumps in

operation, and with the eighth subloop held in reserve,

Inspection of In-Pile Devices,

After the primary loop had been run in hot, the reactor cover was re-

moved, the core was unloaded, the in-pile devices were withdrawn, and the steam generator headers were
opened up. Inspection of the equipment disclosed no serious problems or flaws of any kind.

Loading of the Regular Core.

The regular core was loaded after careful inspection of the in~pile de-

vices, and after checking out all problems brought to light during the hot run~in of the primary loop. After
the core had been loaded, the refueling system was tested.

Physical Startup of the Reactor.

power unit,
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The physical stértup was controlled from the control panel of the

Regular control rod machinery, regular instruments for monitoring neutron dose rate, with

' Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2 |



Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2

To process water systern,
via throttling plates {

} ] To bubbler tank
)

l é ; Temporary ¢ 50 mm
piping from delivery
’ : end of feedwater purrips
v C in secondary loop of
Steam from h?ader of [ﬁ - first power unit
first power unit | Make-up : ,
- pipe bend :
PG-10 - Y PG-12 C:-__:—S-)
W zrvirrriizs. :
HHHA-
BEER

GTsN scroll

Pressunzer

Reactor

Fig. 1. Flowsheet for hot blowdown of primary loop with one GTsN-12 pump on streami
and one subloop connected up. '

the addition of a sensitive galvanometer with preamplifier, and two scalers, were used. All the transducers
in the startup equipment were placed in regular channels of the biological shielding tank.

One interesting feature of the physical startup of the second power unit was the fact that a special
module of transducers was not installed in the reactor core. This eliminated any distortion of the physical
characteristics of the core, while making it possible to suspend the array of control rod assemblies with
greater precision.

More precise neutron physics characteristics of the core were obtained during the physical startup
and by operating the equipment at low power, further tests and checkouts were run on the performance of
the control rod system, on the monitoring and measuring instruments and equipment, interlocks, pressure-
tightness of the primary loop, reliable electrical supply circuits, the performance of the GTsN principal
circulation pumps, and ancillary systems at the design pressure and at the water temperature 240°C.

Synchronization of the first turbogenerator in the second power unit with the power grid was achieved
on December 27, 1969,

Power Startup. A comprehensive checkout of the systems and equipment was carried at 500 MW re-
actor thermal output level, At that output level the performance of the turbogenerators at rated parameters
was tested, adjustments were made in the original water and chemical conditions of the primary loop, the

‘ heat source distribution through the core was investigated, and studies were made of the power effect and
| poisoning effect of the reactor, and of the stability of the power unit performance as part of the power grid.

‘ The output power of the second-unit reactor was checked out at the successive levels: 5, 38, 50, 60,

| 75, 80, 90, and 100%. While operating at a fixed power output level, the reacétor was run through various

‘ experiments designed to obtain more precise dynamic characteristics of the performance of the primary
and secondary loops. A procedure was worked out at the same time to maintain the specified water condi~-

l tions, and operation of the primary loop with boron coolant at a boric acid concentration to 3 g/kg, starting
with 500 MW output, was mastered.

The water and chemical conditions of the second power unit did contrast with those of the first unit.
In contradistinction to the first power unit, where a quadruple-effect evaporator plant is employed to purify
the coolant, two ion-exchange filters, one working and one in reserve, are employedinthe second unit (KU-2
catlon-excha.nge resin in ammonia form for the cation-exchange filters, and AC=17-8ChS grade anion-ex-
change resin in OH-form for the anion-exchange filters).
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TABLE 3. Graph of Power Output Levels Reached

Dat cration Number of Number of ef-
Thermal Percentage Electrical . Hate ope . hours operated -| fective days at
Date power raised | ended at specified e 1. e
power, MW [ratedpower | power, MW at specified specified pow-
power level .
. power level er level
500 38 130 Dec. 29, 1969 Jan. 24, 1970 615 9,76
660 50 182 Jan., 27, 1970 Mar. 10, 1970 802 27,3
795 60 220 Mar, 10, 1970 Mar. 24, 1970 347 35,84
990 75 275 Mar, 24, 1970 Mar. 27, 1970 90 38,48
1055 80 290 Apr. 1, 1970 Apr. 9, 1970 216 44,62
1190 90 325 Apr.’ 9, 1970 Apr. 14, 1970 102 50,14
1320 100 365 Apr. 14, 1970 ’

The following water conditions were

established during the period of initial reactor operation without
boron control: : .

Rating Actual values
Hydrogen, Nml/kg 30-60 50-90
Oxygen, mg/kg 0.02 0.001-0.02
Chlorides, mg/kg 0.05 -
Ammonia, mg/kg 10-30 8-20
Corrosion products, mg/kg 0.1 0.1
pH 10-10.5 9.7-10.2
Activity A, Ci/liter 1073 2.107°

The water conditions were maintained through the operation of the ion-exchange filters and metering
of ammonia, in amounts of 1.5 to 2 kg per day, and of hydrazine hydrate, in amounts of 30 to 40 g per day,
at the intake end of the make-up pumps. The isotope composition of the coolant was: 10™° kg F® per liter;
radioactive inert gases (Xe™ and Xe®®) 2-1077; A*! to 107%; traces of Na?* (at transition regime up to 3- 1075
kg/liter); traces of Mn®® (at transition regime up to 3+107° kg/liter). . =

Starting on March 7, ‘1970, the second power unit commenced operating on power with boron control,
at a boric acid concentration in the coolant ~2.0 g/liter. The water ratings remained practically unchanged,
except for the pH of 7.5 to 10.0.

The presence of boric acid in the coolant alters some of the physical characteristics of the reactor
core. For example, power generation in the core became ~15% more uniform. On the other hand, the use
of coolant treated with boron in appreciable concentrations alters the reactor dynamics. Experiments car-
ried out on the second power unit showed that the temperature coefficient of reactivity drops by a factor of
almost 2.5 when boric acid is used (in a concentration of 2.9 g/kg): when pure water is used the temperature
coefficient of reactivity was 4.3 - 10-*deg~!at the operating temperature, and in the presence of boron (con-
centrated stated above) the temperature coefficient of reactivity became 1.7-1074 deg™1.

Reduction in the temperature effect of reactivity also lowers the degree of reactor self-regulation,
but self-regulation of the reactor was retained to a sufficient degree in the presence of boric acid in con-
centrations up to 3 g/kg in the second power unit (when one turbogenerator is shut down with the whole unit
on full power, the reactor parameters stabilize out through self-regulation of the reactor).

Protracted maintenance of the specified boron concentration in the primary-loop coolant, as well as
the pattern of decrease and increase in boron concentration, were achieved during the process of adjusting
the performance of the power unit with the boron coolant. This smoothed the way for maintaining the con-
trol rod assemblies in positions minimizing the unevenness factor of the heat release throughout the reactor |
core volume. The minimum heat release unevenness factor is attained when the 12th group of automatic
control and reactivity compensation system was set in place at the medium position with respect to the core
height (the reactor contains 12 automatic control and reactivity compensation groups, which are withdrawn,
when the reactor is started up, in the order in which they are numbered), This makes it possible to operate
the reactor over the entire campaign with a minimized heat release unevenness factor.

The use of steam pressurizers to compensate pressure changes in the primary-loop made it possible
to do without the introduction of nitrogen into the pressurizers, and operation was simplified on the whole,
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as a result, When the dynamic characteristics of the steam pressurizers in the second power unit were
taken, they revealed excellent compensation behavior., The primary-loop pressure during transients, such
as when scramming operations are initiated, varied less than in the first power unit.

The rated primary-loop pressure of 105 kg/cm? was maintained at a temperature of 313°C in the pres-
surizers. Whenever the primary-loop pressure rose above rating, injections from the delivery end of the
GTsN pumps into the pressurizers commenced automatically, and the pressure then fell because of cooling
of the vapor phase. The temperature in the pressurizer (and consequently the primary-loop pressure as
well) is maintained automatically by a temperature regulator which acts on the transformer supplying the
working group of electric heaters. The autotransformer voltage can be varied over a range from 0 to380V.

The second power unit was brought up to 100% power output level (365 MW (e)) on April 14, 1970 (see
Table 3). ’

Complete dumping of the load occurred only once during the startup period, because of some malfunc-
tioning in the electrical supplies of the control rod system.

The startup and adjustment operations revealed some shortcomings in the flowsheet and in the process
equipment, and these were eliminated before the power unit was brought up to 100% power level (specifically,
flaws in the seals of the control rod jackets on the reactor cover, and in the heating elements of the pres-
surizers, were eliminated, the reliability of the control rod system electrical supplies was improved, and
jitter in the readings of the data-processing and computer machinery was eliminated).

Part 2. Operating Characteristics

The second power unit of the Novo Voronezh nuclear power generating station, with a power rating of
365 MW (e), was hooked into the power grid of the European part of the USSR in late December, 1969. This
power unit occupies a special place among the VVER* power reactor installations in operation or under con-
struction. This special position stems from the fact that the reactor in this second power unit (a V-3M re-
actor) is on the one hand a further development of the engineering concepts underlying the reactor (a V-1
reactor) in the first power unit of the power station, and in that case can be regarded as a modernized re-
designed variant of that reactor, and on the other hand that the core of the V-3M reactor differs slightly,
in its engineering characteristics and design solutions, from the cores designed for reactors with a power
| output rating of 440 MW{e) now being designed or built (the V-440 reactors). In that sense, the V-3M reac-
‘r tor is the prototype of the second generation of VVER reactors.,

The concept underlying the development of the second power unit of the station was one of developing
a reactor whose power output level would be well above (~75% above) that of the first reactor power unit,
on the basis of verified engineering solutions and equipment already accepted in production (while experience
in the design and fabrication of the reactor and equipment

,b was already available through the building and operation of
’ / the first reactor power unit of the Novo Voronezh nuclear
o \ v/ power station, and the Rheinsberg nuclear power station in
§ -':\c /" the German Democratic Republic). This increase in power
E ( F; hf':Ld to be achieved in a} core retaining the previous dimen-
5 \ ’4 sions (2.5 %X 3 m), by increasing the specific heat loading
;;}, 495 "\t and with the duration of the operating period between partial
s W refuelings (averaging three per campaign) at ~6500 effective
é X hours.
— X .
& /( N \~\~ The possibility of increasing heat removal from the
Startup " core was facilitated in two basic ways: by developing the heat
o IR scale transfer surface (through the use of 349 assemblies, each
‘ b o z'gime ‘ZZC 40 40 Runout containing 126 rods 9.1 mm in diameter) and by bringing the
' scale mean values of the thermal parameters closer to the maxi-
Fig. 2. Comparison of theoretically pre- ~ mum values attainable by flattening out the power distribution
dicted pump runout curve and pump start- field in the volume of the reactor, The power distribution
up curve, with results of experiment run field was flattened out by positioning the fuel, with enhanced
on reactor: ) predicted curves; X) multiplying properties, on the core periphery, and through

experimental data points. the additional use of boric acid solution in the primary-loop

*VVER ~- water-cooled water-moderated power reactors.
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Fig. 3. Comparison of results from calculations of short-
circuiting conditions, across 220 kV line, on two pumps with
six pumps operating; with actual data (x) on changes in voltage
(a), in pump rpm (b), in coolant flowrate (c), and in pressure
drop (d) across pumps (AP ump) and across steam generators
(APSg): —) theoretically predicted curves; 1) flowrate
through subloops of four pumps; 2) flowrate through reactor;
3) flowrate through subloops of two pumps.

coolant, which minimizes the required number of absorbers of the reactivity compensation system partially
inserted into the core, Reliance on liquid reactivity controls backing up a system of mechanical controllers
(total of 73) capable of maintaining the suberiticality of the depoisoned reactor in the cold state with no boron
present in the coolant makes it possible to draw upon industrial experience accumulated in the use of boric

acid under conditions which were much less stringent from the standpoint of meeting nuclear safety require- .

ments,

The stage-by-stage progress of the second reactor power unit to full power, begun in December,
1969, was completed on April 14, 1970 when the reactor was brought up to design parameters. The func-
tion of each distinct stage originated in the program of equipment testing and checkout, and bringing the re-
actor power unit up to power. Below, we discuss the checkout tests and their results, and their effect on
regular operating conditions of the power unit and relation to the use of boron solution in the coolant,

In determining the allowable operating conditions for the reactor, the point of departure consists of
the requirements for safe operation of the fuel elements under not only stationary conditions, but also ex~
pected nonstationary conditions and even emergency conditions, The power range is determined in line
with the requirement that the thermal flux or the maximum increment in enthalpy does not reach values at which
burnout on the fuel-element surface might occur, At the same time, there must be no severe meltdown of
the central part of the fuel element, so that swelling of the fuel or disruption of the fuel-element jacket will
not oceur.

In VVER reactors using low~inertia pumps supplied with electric power from the base generators, in
the primary-loop, possible deviations from proper core cooling conditions during operations stem mainly
from breakdowns in the external electrical circuits of the power station, Even short-term interruptions
(lasting up to 1 sec) in the electrical supplies will be serious in the case of low-inertia pumps, and will cut
down their capacity considerably., Since uranium dioxide fuel is used, the process of extracting heat from
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Fig, 4. Changes in flowrate through reactor and subloops when all pumps are deenergized _ !
with short circuiting, over a time At = 1,0.sec, with subsequent restoration of rpm on all :
GTsN pumps except for two: 1) flowrate through subloops, with pumps resuming their pre-
vious rpm; 2) flowrate through reactor; 3) flowrate through subloops with pumps not yet re-
covering their previous rpm,

Fig. 5. Hydraulic characteristics of core at zero power, (1), of reactor core at rated power
level (2), ‘and of reactor at zero power (3): —) theoretical prediction; §) measured pres-

sure drop across zero power reactor with n circulation subloops in operation and under con-
ditions where pumps are shut off (7 — 6 with seven operating and one shut off); Py = 105
kgforce/ om? Ty = 250°C. ‘

the fuel elements and transferring it to the coolant is a highly sluggish one, and the rate of change in reac-
tor power, even in an emergency shutdown, is far below the emergency rate of reduction in coolant flow-
rate. .

Those features which are decisive in the assignment of safety parameters for stationary operation of
a VVER reactor are the nonstationary circulation conditions, in the light of the above. The behavior of
these processes will be affected not only by the hydraulic characteristics of the circulation loop, but also
by the dynamic characteristics of the principal circulation pumps (GTsN). A series of experiments was set
up with the object of securing reliable information on the dynamic characteristics of the pumps while the
startup of the second power unit was in progress, and these experiments were set up to conform with the
scheme of the theoretical analysis of the process outlined below.

In order to describe the nonstationary circulation process, we made use of the following equations:
71(dGj/dt) = AP; — £;Gi |Gi |~ APy, the variation in coolant flowrate in the (i-th) circulation subloop; 7(G/dt)
= APy — £G|G|, the variation in coolant flowrate in the reactor. Here 7j = Z‘, (Lj/Sj)(l/ g) (Lj is the length

7
of the loop interval with the open flow area Sj); T =(L/S)(1/g) (L is the length of the common part of the
loop with the effective open flow area S); G = £Gi; ¢, ¢, are the effective coefficients of hydraulic resis-
tance of the subloops and their common part, -

The head developed by the pump is representéd, as a function of the rotation speed of the pump rotor
wi and the flowrate Gj, in the form APj = Awiz-BwiGi -CG; lGi |. The rotation speed of the pump rotor is
related to the pump dynamic characteristics by the equation

dw;
I =g = Moy~ Moy

where Mrot; = £(Uj, wj) is the moment of the rotation and dependent upbn the stress Uj and the rpm; Mg;
= f(wi) is the resistance moment; J = const is the moment of inertia of the pump rotating parts. The
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T dependences Mrot; = f(Uj, wj) and Mg; = f(w;) can be found,
consequently, by recording the pump runout (the pump
runout is the change in rpm after the power driving the elec-
tric motor of the pump is shut off), and also the change in
pump rpm during pump startup. The dependence AP; = f(w;,
Gi) can be found if we record the time variation of the head
developed by the pump, and the relationship between the head
and the flowrate can be found if the time variation of the pres-
sure drop across any interval of the circulation subloop is ‘
known. Oscillograms of the following parameters were taken
during the tests with this purpose in mind: U = f(t) the supply
voltage to the GTsN pumps; I = f(t) GTsN pump electric motor |

50 . 1 ¥ ) ‘

05 10 in-phase current; n = {(t) pump rotor rpm; AP}, = f(t) the pump

Water flowrate, relative units head; APg, = f(t) the pressure drop across the steam generator

of the circulation subloop with the pump tested.

100 F

Thermal reactor power, %

Thermal power of fuel assembly, MW

Fig. 6. Critical reactor power (1) and

critical power output of fuel assembly Figure 2 shows a comparison of the predicted and mea-
(2) as functions of the relative flowrate sured GTsN pump runout curves and startup curves, confirm-
of coolant through the reactor, ing the possibility of making a theoretical description of the
' : real process occurring when the pumps are started up and
shut off.

The validity of extending the dynamic pump characteristics obtained in these experiments to other
cases of nonstationary circulation, and the correctness of the description of changes occurring in the cool-
ant flowrate through the primary loop are illustrated in Fig. 3, where results of theoretical prediction and
experiment with three-phase short circuiting on a 220 kV line, lasting 1 sec, are plotted. Changes in the
pump head and in the flowrate through the circulation subloop as functions of the pressure drop across the
steam generator were recorded by low-inertia strain-gage pressure sensors.

The results obtained confirmed the correctness of the theoretical description of nonstationary circu-
lation processes in the primary loop under probable operating circumstances brought about by outages of
electrical supplies to the GTsN principal circulating pumps, and exerting a decisive influence on the level
of allowable power when the reactor is operating in the stationary mode. The possible emergency conditions
for lowering the voltage across all the pumps simultaneously with subsequent restoration of the circulation
(by eliminating outages or malfunctions and operating the pumps with the turbogenerators coasting) on all
GTsN pumps except for two,* are decisive in the choice of parameters for stationary operation of the second
power unit,

Calculations of changes in flowrate under these conditions are illustrated in Fig. 4. Comparison of
the theoretically predicted flowrate values at steady state and values obtained from the results of measure-
ments of the pressure drop across the reactor can be made on the basis of the data plotted in Fig. 5. Com-
parison of curves 1 and 2 in Fig. 5 shows, in particular, the weak effect exerted on the hydraulic resistance
of the core by the reactor power level when the typical power distribution among the fuel-element assem-
blies prevails. This state of affairs made it possible to make use of the constant value of the core hydrau-
lic resistance coefficient. (The hydraulic characteristics of the core were plotted with the weight of a col~
umn of water 2.5 m high taken into account,)

As already pointed out, the initial reactor power was assigned such that burnout conditions on the
surface of the fuel elements in any part of the core would be eliminated during the process of anticipated
emergency reductions in coolant flowrate through the primary loop. The way the problem was solved is as
follows. The values of the water flowrate through the fuel assemblies which would be attained in an emer-
gency process are determined from the known changes in flowrate of coolant through the core, from the
condition that the pressure drop across parallel channels be equal, and in line with the power-dependent |
hydraulic characteristics of the fuel assemblies. Further, on the basis of formulas characterizing burn-~
out on the heat-transfer surfaces, a quantitative relationship between the power output of a fuel assembly
and the minimum coolant flowrate through the fuel assembly at which the predicted burnout would occur on
the surface of the fuel element under the conditions of heaviest heat loading of portions of the bundle of fuel
elements in the assembly is arrived at.

¥Here we consider the possibility of a malfunction in one of the generator switches remaining undetected |
for a long period.
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Fig. 7. Relative power distribution over fuel assemblies Kq of core of reactor in
second power unit of Novo Voronezh nuclear power station, when rods of working
group of control rod system are withdrawn 100 cm: - ---) results of measurements

averaged over symmetry sectors,

_ The orientation to minimization of the coolant flowrate is justified, in our opinion, by the following
considerations. Viewing the problem of the nonstationary thermal conductivity of the fuel element in the
simplified model (somewhat as was done by Tong [1]), presupposing instantaneous reduction in heat trans-
fer at the initial instant and an equally instantaneous recovery within a certain time interval, we can
arrive at an analytical solution of the time behavior of the fuel element cladding temperature. Such an an-
alysis demonstrates that the elevated cladding temperature conditions resulting are retained for a fairly
protracted time even after the initial rate of heat rejection to the coolant has been recovered. In this light,
we can anticipate that recovery of the coolant flowrate under conditions where the cladding acquires an ele-
vated temperature would not immediately eliminate the burnout beginning then, and the unfavorable process
would be drawn out still further.

The dependence of the critical power of the fuel assembly (i.e., of the power at which burnout occurs
on the surface of the fuel eleinents) on the coolant flowrate through the reactor, which we make use of in
determining the allowable reactor operation conditions, is based on the results of experiments with bundles
of rods of full scale length belonging to the reactor of the second power unit and is plotted in Fig. 6 (curve
2). At certain safety factor values and unevenness factors of the core power distribution between fuel as-
semblies, the data obtained are useful in determining the critical reactor power as a function of the coolant
flowrate. This dependence is plotted in Fig. 6 (curve 1) for the case where the maximum power output of.
the fuel assembly exceeds the mean power output of the fuel assembly, averaged over the reactor, by 1.43
times. The relationship between the reactor power output and the relative water flowrate (relative to rating)
through the reactor can be expressed by the formula Q/Qqp = 130 (G/Grpgat)"® (in percentages of the critical
or burnout power level). The (100%) power output rating corresponds to a flowrate through the reactor that
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is 64% of rating. This flowrate value is the minimum one in the mode where voltage across all the GTsN
pumps of the primary loop is lowered for short time periods (see Fig. 4). The margin left till eritical
power levels are reached is 30% in the initial state,

This unevenness in the power output of the fuel assemblies is maximized in the case of rated reactor
operating conditions where criticality is maintained by boron in the primary-loop coolant and by absorbers
of only one control group which operates normally in the top half of the core. This value of the power dis-
tribution unevenness factor is in excellent agreement with predicted values, as attested to by the results,
plotted in Fig. 7, of a comparison of theoretically predicted reactor power distribution between fuel assem-
blies and data obtained on the basis of recording the water temperature at the exit from the fuel assemblies.
The relative power output of a fuel assembly was determined in this case from the formula

L+ R
o
ZGJ
K, .
- Z,ex g Ethl 1 % '
th ZG i=1
7

where t1k is the water temperature at the exit from the fuel assembly in question; til. , G; are the water
temperature at the point where the circulation subloop enters the reactor, and the rate of coolant flow
through that subloop, respectively; g; is the relative rate of water flow through the fuel assembly.

The use of boroh to compensate reactivity excess contributed to flattening out the power distribution
field in the reactor; this set of operating conditions is the fundamental one for the operation of the second
power unit in the power station. At the same time, the presence of boron in the primary-loop coolant ex~
erts an influence on such an important reactor property as the stability of on-power reactor performance.

The stability of on-power reactor performance is determined to an appreciable extent by the self-
regulation behavior of the reactor, which is made possible by the negative power reactivity coefficient and
negative coolant temperature reactivity coefficient. When boric acid is present, the temperature coefficient
of reactivity drops below negative, i.e., the reactor becomes less stable against disturbances in the ex-
ternal load. |

In order to check out the self-regulation capabilities of the reactor and the effect of boric acid on
those capabilities, special tests were carried out with the disturbances in external load handled without
bringing the reactivity compensation resources of the reactor into play. The experiments were conducted
both with and without boric acid present in the primary loop, and as far as possible under identical condi~
tions. The results obtained were also helpful in estimating the value of the temperature coefficient of reac-
tivity and the effect of boron on that value. This becomes possible if we make use of the reactivity balance
for the two states; before load disturbances were introduced and after stabilization of the transient process,
i.e., OlH(tz-t ) + ay@y—Qy) = 0. When the power coefficient of reactivity oy = 1.5+ -1074%~1, the average
temperature coefficient of reactivity was found to be —4.3 - 10~*deg™! for pure water at the working parame-
ters, and —1.7 - 10"*deg~!whenthe boric acid concentration in the water was 2.9 g/kg (at working stream
parameters).

The values mentioned were obtained under the assumption that the dependences of 9p/8Q and 6p/8t
on the power and on the temperature are linear over a small range of variation, and that the power coeffi-
cient of reactivity is independent of the boron concentration in the coolant. This approach is based on the
fact that the changes in reactivity observed to accompany warming or cooling of boron-containing coolant
are in excellent agreement with the value that might be brought about through changes in coolant pressure,
and hence by changes in the volume content of boron in the multiplying lattice, . ‘

Even though the temperature coefficient of reactivity remained negative in the presence of boric acid,
and the self-regulation capabilities of the reactor were retained, the sensitivity of the reactor to distur-
bances in the external load became enhanced when the boric acid content in the water was 2.9 g/kg. Assum-
ing that the temperature coefficient of reactivity is a linear function of the boric acid content when the con-
centration of boric acid is 4.75 g/kg, we may expect a termination of negative feedback action with respect
to the water temperature in the reactor of the second power unit (the boric acid content does not normally
exceed 2.5 g/kg in operation at full power rating). : |
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Fig. 8. Changes in the basic parameters of the reactor in the second power unit of

the Novo Voronezh nuclear power station, after dumping of load in self-regulation

mode (CH,BO, = 2.9 g/kg): a) variations in reactor power output; b) deviations of
mean primary-loop temperature from initial value; c) deviations in steam-generator

pressure from initial value; ) theoretical prediction; X) experimental,

Fig. 9. Variation in basic parameters of reactor in second power unit of Novo Voro-
nezh nuclear power station when electrical load is dumped from 270 to 150 MW, and
with automatic power controls operative: a) changes in reactor power; b) changes in -
position of working group of control rod system; ¢) changes in pressure in steam gen-
erator; d) changes in water level in pressurizer; e) deviations from initial value: of
water temperature at entry to steam generator (1), of average water temperature in
primary loop (2), of water temperature at entry to reactor (3). '

The values of the temperature coefficient of reactivity obtained in these experiments are in satisfacto-
ry agreement with the results of direct measurements taken during the physical startup of the reactor [2],
and with predicted values [3]. To illustrate the feasibility of a theoretical description of the processes un-
der investigation, results of theoretical prediction and experiment on self-regulation of the reactor when the
load is dumped are plotted in Fig, 8 (the predicted temperature coefficient of reactivity o = 2.0 - 107deg™?).

The data obtained in these experiments are useful in adjusting and testing the performance of the auto-
matic power controller in response to a rapid dumping of the electrical power of the power unit from 270 to
150 MW (by 30% of the power rating). Disturbances are handled by the control group of absorber rods in
such a way that the steam pressure in the steam generators is maintained constant over the specified range.
The testing was done at a boric acid concentration of 1.46 g/kg in the primary-loop water, corresponding
to the temperature coefficient of reactivity —3 - 10™*deg™.

As aresultof the transient process (Fig. 9), absorber rods inthe control group became displaced 46 cm,
which corresponded to the predicted introduction of negative reactivity (0.0063). Thisvalue must compensate,
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clearly enough, the power and temperature effects of reactivity brought about by the 30% load change and
by the 8% change in the average temperature of the primary-loop water, i.e.,

Ap=Apy+Apyr=1.5-10"4.30-+3. 107. 8 =0.0068,

which is in excellent agreement with the negative reactivity value introduced by the control elements. We
can draw the following inferences from the above discussion:

1. Tests Qarried out on the second power unit of the Novo Voronezh nuclear power station (NVAES)
provided the groundwork for arriving at safe operating conditions.

2. Comparison of theoretical predictions of some reactor parameters and their experimental counter-
parts proved the feasibility of the design and calculation procedures resorted to.

3. Introduction of boric acid into the coolant contributed to flattening out the power distribution in the
core, while retaining the stability of reactor performance as a whole.
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EXPERIENCE IN THE OPERATION OF THE NUCLEAR
| POWER STATION AT RHEINSBERG
\
|

S. Menzel | » - UDC 621.311.25

at Rheinsberg [1]. It can be concluded from the four-year operation of the station that the operation as a
whole is very satisfactory and that, compared with the projected goals, there exist certain reserves allow-
ing an increase in the generation of electric energy. Ample experience with all technological aspects was

| gathered during the four-year period. More than 1.5 billion kWh had been produced by the end of the four-
year operation. This figure could be reached because the operation was reliable and stable, as can be in-~
ferred from the station-load graph (Fig. 1) and from the total electrlc output graph (Fig. 2).

|
, ‘
‘ The German Democratic Republic put its first nuclear power station into operation on May 9, 1966,

Good results were also obtained as far as the efficiency of fuel use is concerned, To date, four fuel
recharges were made in the nuclear pbwer station of Rheinsberg (Table 1), The unloading of a relatively
small number of fuel elements at the end of the first operation period was necessitated by the transition
from the initial operatmg conditions to conditions allowing a continuous operation in winter (transition made
in 1968). The station was therefore recharged twice in 1968, and the second operation period of the reac-
tor was relatively short. A comparison of the actual results with the projected goals shows that the actual
fuel use was much better than the planned use. This conclusion is confirmed by the average burn-up of
11,750 MW -days/t, which exceeds the projected burn-up by 35%.

However, these data do not suffice for a full evaluation of the nuclear station's operation. - The capa-
city of an electric power station is usually characterized by the coefficient of use in time and by the coeffi-
cient of fixed power output.

It follows from a comparison of the coefficient of fixed power output of the Rheinsberg Nuclear Power

Station (Table 2) with the corresponding data of foreign nuclear power stations (in which pressurized water
reactors with mean annual coefficients of fixed power output of 57.6% and 62.3% are typical), that the Rheins-
berg Station rendered good results. The data listed in Table 2 prove that the Rheinsberg Nuclear Power

| Station can fulfill the requirements even in the wintér period when the demand for electric energy reaches
peak values. During workdays (including the daily peak periods of reactor load), the figures 97.3% and
94.4% were obtained for the coefficient of use in time and the coefficient of fixed power output, respectively,
because the necessary short-time repair work was performed, in the majority of cases, at night or during
off days. These figures prove that the optimum operation of the nuclear power station must take into account

|

TABLE 1. Fuel Recharging

Operation period Number-of unloaded | Burn-up of the unloaded fuel
. expressed in effec- | fuel elements (com- | elements (MW - day/ 1)
Operating | . :
. tive workdays (com- | pared to a projected
period pared to 183 pro- number of 44 fuel average maximum
jected workdays) elements) ' -
1 302 21 5000 6400
2 1717 31 8000 10,800
N 3 227 . 47 11,750 - 15,700*
4 253 42

5 *In the case of fuel elements which had been in the reactor from the beginning of its
operation.

Translated from Atomnaya Energiya, Vol. 30, No. 2, pp. 116-122, February, 1971.

© 1971 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for §15.00.
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Fig. 1. Graphs representing the load of the nuclear pow- |

_er station: 1) normal operation; 2) fuel recharging; with- ‘
out shading — down periods resulting from breakdowns in
the equipment; *) planned down periods.

periodic preventive maintenance work and the removal of irregularities which might disturb the normal ex-~
ploitation of the station. In each year, about half of the total downtime consists of the fuel recharging pe-
riod and the time spent in rechecking the reactor, both factors reducing the coefficient of use in time. A .
detailed analysis of the extent and the sequence of the work performed in the nuclear power station (includ-
ing the fuel recharging work) proves that less than 25% of the total downtime is directly spent in recharging
the fuel, beginning from checks of the hermetic enclosure of the fuel-element jackets and ending with the
preparation of the reactor core for mounting the cover, The curves prove at the same time that the dura-
tion of a down period depends strongly upon the type of the work performed on the reactor, beginning from
the removal of the cover and ending with the start-up of the reactor. The duration of a down period is ad-
ditionally influenced by the time required for checking the equipment in the first circuit. Since the time
periods between checks of the principal equipment are not always of equal length, the total time spent for
this type of work is not the same in all years, The equipment revision work in the second circuit is usually
performed within the planned time periods, provided that no unforeseen conditions develop, such as turbine
repair work,

Even though the down periods can be reduced to some extent by well-planeed preliminary work, the
down periods are, in principle, determined by the design and the type of equipment used. This statement
is particularly valid for the reactor and the protective devices. In the development of future nuclear power
stations, the designers must make provisien for facilitating the repair work and must minimize the re-
quirements of preventive maintenance work., Thus, the performance of a nuclear power station can be im-
proved even in the planning stage.
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Fig. 2. Generation of electric energy in the nuclear power
The exploitation coefficients which were obtained in the Rheinsberg Nuclear Power Station prove con-
vincingly that the principal equipment operates reliably. This can be said with regard to the operation cir-
cuits, as well as to the electrical measuring instruments. The positive overall evaluation is not lessened
by the fact that breakdowns and disturbances, with partial cut-offs of certain equipment, occurred during
the operation of the nuclear power station. The data of Table 3 show that in the nuclear power station of
Rheinsberg (as in other nuclear power stations), the greatest number of breakdowns occurred in the second
circuit, i.e., in that part of the nuclear power station on which less stringent quality requirements had been
imposed during the time of the station's assembly. Breakdowns in the first circuit resulted, in part, from
malfunctions of the electrical elements in the protection and control system, which caused a shut-off of the
emergency-protection system. Failures in the water-supply system occurred in addition to disturbances
} such as damage to the coils of the fuel-element holding magnets of the emergency-protection system and
to the housings of the actuating motors, which, however, did not exceed the anticipated down periods.
| Strong vibrations which interrupted the auxiliary pipes resulted from jolts produced by the piston pumps in
| the pipe system. An attenuator assembly reduced the vibrations, though they could not be completely elimi-
\ nated. :
|

Ruptures in the vanes of the high-pressure turbine cylinder constitute the principal problem in the
second circuit. Though these ruptures were only a minor contribution to the number of breakdowns, their
contribution to the total downtime of the nuclear power station is very important. The vane ruptures result
from vibrations whose origin is currently under investigation. In view of the strong corrosion of the brass
diaphragms, steel diaphragms were inserted, which resulted in a considerable improvement. Owing to
special operating conditions and changes in the drainage system, no damage to the turbine vanes occurred
in the last operating period. The operation conditions selected also had a favorable influence upon the oper-
ation of the diaphragms.

As far as the dosimetry and the radiation shielding are concerned, good results were obtained during
the operation of the nuclear power station at Rheinsberg. No problems were encountered in obeying the

TABLE 2. Time- and Power-Coefficients of Reactor

Exploitation
Coefficient of use | Coefficient of fixed
Year j
in time (%) power output (%)
1967 : 61,0 59.0
1968 67,7 66,1
1969 71.2 . 71.3
1968/1969
(water season) 91.6 92.9
1960/1970 86.4 86.7
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Fig. 3. Net representation of the recharging and checking operations (the Ro~
man numerals denote the fuel recharging): 1) shut-down cooling of the reactor
and deactivation of the first circuit; 2) preliminary work for, and removal of,
the reactor cover; 3) inspection of the fuel elements and fuel recharging; 4)
assembly of the lid and pressurization of the reactor; 5) insertion of the con-
trol and safety rod and checks of the cable strands; 6) physical tests; 7) tests
of the shielding and of the performance of the equipment; 8) revision of the
control and safety rod; 9) revision and checks of the measuring apparatus and
instruments; 10) revision and x~raying of the first circuit; 11) measurements
on the reactor.

admissible figures in the release of activity in the form of gases or aerosols into the air during the entire
operation period, Tests proved that a close relation exists between the integral burn-up of the fuel elements
and the concentration of the inert gases released during an operating cycle (Fig. 4). The maximum re-
lease of radioactive material at the end of an operating period and the release at the beginning of each oper-
ating period prove that a relation exists between the total burn-up and the total time during which a fuel ele~
ment remained in the reactor. The leakage of gases from individual fuel elements distorts this relation to
some extent. It was established that the leakage of gases from the fuel elements increases the release of
radioactive material only in the first few days. In order to check this condition, one fuel element with a
defective jacket was retained in the reactor during the fourth operating period. The performance of the fuel
elements was excellent. This is witnessed by the fact that 37 fuel elements remained in the reactor during
the four operating periods, i.e., they remained in the reactor one year longer than planned, but no defective
jackets were found in these fuel elements. Seven fuel elements were retained in.the reactor so that their
durability might be checked during the fifth operating period.

Extensive measurements performed in the nuclear power station of Rheinsberg have shown that the
degree of radiation shielding exceeds the projected values. The average radiation does not exceed 6% of
the tolerable value [3]. The very low irradiation doses received by the service personnel of the station are
a proof of the low radiation dose. Particular.attention (involving some work) must be paid to the prevention
of excess contamination of the premises before, during, and after repair work and checks. Interestingly
enough, during the entire operating time of the Rheinsherg Nuclear Power Station, the irradiation of the op-

erating and repairing personnel never exceeded the

TABLE 3. Number of Breakdowns in the Nuclear ‘tolerable annual dose. Figure 5 shows the total ex-~
Power Station during 1967-1970 ternal irradiation doses of the entire personnel for
1970 the various operation cycles of the reactor. It fol-
Point of breakdown 1967 1968 1989 | (to May) flows from Fig. 5 that, as could be anticipated, the
: , personnel receive the maximum irradiation during
First circuit 10 8 10 4 recharging and checking work. In order to keep the
Second circuit ' 25 12 27 8 annual irradiation dose below the tolerable levels, -
Flectrical equipment 5 4 6 0 part of the personnel was temporarily removed from
: ' work whichhadtobe performedunder irradiation. In
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Fig. 4, Specific release of activity A (of inert gases) as a function of the
burn-up B of the active reactor area during the first four operating periods
(Roman numerals denote the operating periods).

planning work related to maintenance and the number of personnel required, one must tike into ac-
count both the amount of maintenance work and the possible irradiation doses. This obviates the need
for using equipment and designs which do not involve much repair and service work,

After the Rheinsberg Nuclear Power Station had been put into operation, extensive investigations were
made for the purpose of establishing in accurate form the performance data when the station was put into oper-
ation, of becoming familiar with complek operations, and of providing for stable operation of the equip~
ment, After that, the operational reserves of the principal equipment were determined for the purpose of
establishing, with the aid of the data obtained, the greatest possible output of the nuclear power station, It
was found that the output of the station could be increased to 80 MW (el.) without substantial changes and ad-
ditional capital investments, However, this increase in the power output could not be obtained during the

| entire year, because in order to prevent a thermal overload of the fuel elements, the inhomogeneity coef-
3, ficient of energy generation must not exceed 1.9, and the temperature of the cooling water must maintain a
vacuum of 0,04 kg/cm? in the condenser of the turbine [4].

D, rem
» ! I I - biig - r
a b a b a b a
200 |-
p
p
/
/ I

10 20 J0 40 t, months
Fig. 5. Irradiation of the personnel of the nuclear power station during the

first four operating periods (Roman numerals denote the operating periods):
a) exploitation period; b) period of fuel recharging and checking.
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Extensive chemical investigations were made in order to optimize the operating conditions. Parti-
cular attention was paid to the chemistry of the water. The chemical conditions of the water were constant-
ly improved and, at the same time, methods for further improvement of the water treatment system were
developed. The technique for deactivating the first circuit is of particular interest; the method had been
developed in the nuclear power station of Rheinsberg and was used with great successon several occasions
[5-71.

The tasks of the nuclear power station at Rheinsberg go beyond the safe operation of the nuclear power
station and investigations concerned with the increase in the station's output. The goals are related to the
construction and use of future huge power plants in the German Democratic Republic. '

The scientific and technological developments call for the full use of the experimental possibilities
for systematic investigations which can presently be made in stations with a fixed power of less than 100
MW. The results of the investigations made in the Rheinsberg Nuclear Power Station will be taken into
consideration in new nuclear power stations. One must pay particular attention to the development and test-
ing of techniques and methods for applying the available results to larger stations. Apart from this, one
must bear in mind that newly developed equipment must be tested under real operating conditions. A me-
thod for regulating the power of a reactor by using boric acid and by treating the boron-containing heat-
transferring medium of the first circuit is currently in the development stage in the nuclear power station
of Rheinsberg. Investigations have been initiated with the goal of determining the burn-up of the fuel elements
by experiments. ' '

In order to obtain a high performance of new nuclear power stations, the experience gathered in the
Rheinsberg Nuclear Power Station and the results of the investigations must be carefully evaluated and
passed on to both designers and the service personnel of future power stations. To do this effectively will
be possible only if an organized transfer of the results obtained is made. A special school was founded for
this purpose in 1969 in Rheinsberg. Experienced specialists of the nuclear power station acquaint GDR en-
gineers with the various problems of nuclear power generation, In the next few months, this school will
teach the service personnel of the nuclear power plant "Nord," the second GDR nuclear power plant, which
is currently in the construction stage. All engineers and qualified technicians of this power plant will re-
ceive special training in Rheinsberg, If necessary, the school in Rheinsberg can be used for teaching spec-
ialists of the member countries of the Soviet bloc.

1t follows from what has been said above that the nuclear power plant in Rheinsberg has been success-
fully operated for four years. The equipment of the station was completely developed during this period,
the power reserves were determined, and it therefore became possible to increase the projected out-
put of the nuclear power station. Experience gathered in the operation is of great importance for planners
and designers of new nuclear power stations and indicates in which direction major efforts should be made
for obtaining an efficient use of future nuclear power stations. Of equal importance is the transfer of the
experience gathered to the service personnel of future nuclear power stations.

The Rheinsberg Nuclear Power Station, which is the first station of its kind in the country, reliably
generates electrical energy and, in addition, helps to solve an entire set of problems related to the develop-
ment of nuclear power production. The nuclear power s_tationvat Rheinsberg contributes to the generation
of electric energy on the basis of atomic energy.
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DISTRIBUTION OF DEPOSITS AND ACTIVITY ON THE SURFACE OF
THE EQUIPMENT AND SERVICES IN THE VK-50
SINGLE-LOOP REACTOR

L. N. Rozhdestvenskaya, A. UDC 621.039.553.3
“Yu. V. Chechetkin, Yu. G.

and T. S. Svyatysheva

I. Zabelin,
Lavrinovich,

Experimehtal data on sources of radioactive radiation, the distribution of activity, and the dynamics
of its growth in the deposits formed in the technological loops of reactor power plants are of great practical

TABLE 1. Basic Characte_ristics of the Coolant Water Conditions

5 o0 R ] ©o -
@ E [1rd -
Period of plant pH z g 5| Sodium-24, E $ 215 "-Z oo :\;%o Copper-64, | O,
operation B &0 5| Ci/kg A Ex | EX | E% 5 & |Ci/kg mg/kg
= &~ =~ s 0 N~ N O O g
Reactor water
October, 1965 to | 7,5— |20—145{(0,8—4)-10-5| 0,2—1,0{ 2.10-% [0,05—0,2| 8-10-7] 0,05— | (1—5)-10-3| 0,032
April, 1966 9,5 0,6
September, 1966 |8.0—26—77 1-16-s  [0,05—0,7/2,5-10-% | 0,01— |2,5-10-% 0,05— 8.10-6 0.2
8,6 . 0,025 0,1 .
to February,
1967
April, 1967 to 6,1— [15—21 7-10-¢  10,05—0,3/3,5-10-% { 0,005— | 1.40-8) 0,008— | 4,9.10-8 0,2
: 8,4 0,02 0,02 :
April, 1968
r June to October, |6,1—15—21 7-10-6  10,05—0,3/ 3-10-9%] 0,005— |1,3.10-¢{ 0,008— 4-10-¢ 0,2
1968 6.3 0,02 0,02 :
| February to July, |6,5— [10—30 1-10-5 . |0,04— 4-10-9 } 0,005— |1,5-10-6} 0,005— | "2,3-10-6 0,1—
- 1969 8 0,25 0,01 0,01 0.15
»
| December, 1969 |6,0— 110—15 8.10-¢  10,03— 4-10-9 | 0,005— 11,5-10% | 0,005— — 0,1—
’ to April, 1970 6,5 0,06 0,01 0,01 0,15
} Feed water
| October, 1965 to |6,6— | 5—60 }(0,2—8).10-7 0,4—1,3) — 10,08—0,2} 7.10-8)0,02—0,1 4-10-8 10,05—2,0
i April, 1966 8,2 '
September, 1966 {6,2— | 3—34 2-10-%  |0,05— — 0,02— | 2.10-8( 0,02— 1.10-8 | 0,02—
to'February 7.4 0,2 0,05 0,05 : 0,05
’ 1967 | :
April, 1967 to 16,0—] 3—17 2-10-%  10,04—  |4,5-10-191 0,01— 4.10-9| 0,005— | 1,5-10°9 0,02
April, 1968 6,3 0.2 0,02 ’ 0,01
| June to October, [6,0—| 3—15 | 1,5-10-% - [0,04— - — 0,01— |3,4-16-2 0,005— - 0,02
‘ 1968 6.3 0,2 0,02 0,01
| February to July, |{6,0—{ 3—25 5-10-%  |0,04— — 0,005— 5-10-9} 0,005— — 0,01—
| 1969 6,7 0,15 1 0,03 0,007 0,02
| December, 1969 |6,0—| 3—5 5-1C-10  10,03— 4,7-107101 0,005— |2,5-10-9{ 0,005~ — 0,01—
| to April, 1970 | 65 0,05 0,01 0,007 0,02
| Note: 1. The blanks mean that the activity of the isotope in question was not measured at that time. 2. The mean

value of the activity is given.

Translated from Atomnaya Energiya, Vol. 30, No. 2, pp. 122-126, February, 1971.

© 1971 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. Al rights reserved. This article cannot be reproduced for any purpose whatsoever without

permission of the publisher. A copy of this article is available from the publisher for $15.00.
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TABLE 2. Basic Physicochemical Characteristics of the Coolant under
Different Operating Conditions of the Atomic Electric Power Plant

Coolant
Characteristic Conditions turbine feed water | reactor water -
condensate
Value of pH Starting 6,5—6,0 6,6—6,3 ©7,0-8,7
. Steady -state 6,0—0,2 6,2—0,2 6,0—7,0
Emergency 5,9—6,4 6,2—6,6 7,0—9,2
Over-all hardness, pg-eq/kg | Starting 30—3 100—3 150—15
Steady -state 3 3 7—15
Emergency 5—50 5—100 20—50
tron, pg/kg Starting 300—50 100—50 600—100
Steady -state 50 50 50—100
Emergency 50—150 5075 100200
Zine, pg/ kg Starting 200—20 200—20 150—20
Steady -state 20 10 20
Emergency - 2030 20—40 20—50

Note: The rated values of the physicochemical quantiries were reached in three days during the
starting periods. )

interest. These data wouldmake it possible touse theoretical models and calculation methods for predicting the
radiation conditions in future atomic electric power plants and solve problems concerning the shielding, the
structural materials, and the water-chemical conditions. The experience gained in the operation of the VK-
50 single-loop reactor is of great importance in this respect.

The atomic electric power plant incorporating the VK-50 reactor constitutes a single-loop plant with
a vessel-type boiling reactor. The structural materials include stainless and carbon steels, brass, a zir-
conium alloy, etc. The surface area of pearlite steel in contact with the coolant of the first loop is equal
to about 4000 m? (approximately 399 of the total surface area), the surface area of stainless steel is 1750

m? (approximately 6%), the surface area of brass (without the technological condenser, is 9100 m? (approxi-
mately 52%), etc.

The present article provides the data obtained during the reactor operation from October, 1965 to
April, 1970. During this time, the reactor operated at a thermal power level of 60-140 MW, with the ex~

ception of the last stage of operation (February-March, 1970), when the power level was raised to 160-185
MW.

The addition of hydrazine hydrate to the feed water, specified in the design for suppressing radiolysis
and securing the standardized value pH >7.0, caused an increase in the corrosion rate of brass. Therefore,
neutral, compensation-free water-chemical conditions were used after December, 1965. The basic char-
acteristics of these conditions are given in Tables 1 and 2. During the first stage of operation (October-
December, 1965), the activity of the water and steam in the reactor was mainly caused by the activation of

TABLE 3. Distributed Compositionof the Coolant with Respect to Iron Compounds (1966-1968)

Turbine condensate Feed water ) Reactor water
' : YFe i ZFe in the
Period of plant op~ |yFe on the filter ):.Fe in the ZFe on thefilter i e in the ZFe on the filter} - . © inthe
eration filtrate filtrate ~ filuate
mg mg mg mg mg mg
/liter % / liter ® /liter * /liter ® /liter % /liter %
January to April, 0,06— | 80—88| 0,01—} 12—20| 0,1—| 63—76| 0,03—| 24—37
0,185 0,04 0,18 0,08
1966 _
Sepiember, 1966 to | 0,01— | 60—78]0,006—| 22—40| 0,01— | 50—66 0,01—| 34—50( 0,01— [ 50—6210,005—{ 38—50
February, 1967 0,08 0,02 0,05 0,03 0,05 0,03
March to July, 1968 | 0,04— | 65—83| 0,022 | 17—35] 0,05—{ 72—830,015—| 17—28| 0,03— | 55—82 0,018—— 18—42
. 0.1 0,07 0,02 0,08 0,025
February to Decem~ [0,015— | 65—73{0,006—| 27—35{ 0,02— | 50—74 0,006—} 26—35010,012— | 50—76 | 0,004—| 24—50
ber, 1969 0,04 0,02 0,04 0,05 0,05 0,04

148

' Declassified in Part - Sanitized Coby Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2



Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2

TABLE'4_. Activities of Identified Radioisotopes in Deposits on the Equipment and Services

Ci/cm?
g :
&, 3
o =
Samplin gv ..E.i
P. g 8?’_’. <H [¥e) 8 + o
location ks 0 & 3 ".‘ 2 3
o9 < g g — g S :
S © b = = g E c £ a
85 ) o 3 2 3 £ 2 25 g
58| g 8 = G =t ) [ @ =+ =
A o N = Q = N O (=4 m o n
!
Universal upper 18515,?}8—3 },g.}g—; , é-}g—; _ '
. . 55 ,3-10- 1,310~ ,8-10~ : )
unit of reactor 518[1.5.10-5 11.10-7 2.6-10-7 (3,1.10-7 {3,2.16=7 |1,5-10-8 |1,7.10-7 8.7.10-10
lid (UUU) , 107
Frame of turbine 85| Traces
LPC* 155 3-10-10) £ 1.40°11) < t.1071
518(9,7-10-19}  Not det. 2.10-18§ 4. 1p-12
Brass tube of tur- | 85/1,9.10-9 Traces
; 155\ 1.10-9 8-10-11 8-10-1t
bine condenser |43 570 <2 T4 10-11lg,4. 1011
780 4-.10-9 < 1-10-11 3-10-10| 3.10-10
Blade of the last | 889.2 107) 4 1 10-11| < 1.1 1011 Lo ?St'u
5 1 * - 7' - - ) A N - ] 1 * -
stage of LPC*  154g1;°3.10-10 < 9.4.10-1 16 4.10-11 :
78012,4- 1079 2.40-10|" 2,2.10-9 9.10-11
Deaerator 1, bottom| 85 2.3-18‘2 . 1-118"; ’ﬁygig'g 5 4108 3 2.10-104 3. 1010
. : : 155(1,8-10- ,4-10- 2,4-10~ ,4-10- ,2- 1071004 3 .10~
(deposit. Ci/g)  |7gl3"5 10-5 6.9.10-7 [1.4-10-6 |4.3.10-6 [2,1.10-5
Deaerator 2, bottom| 85
i i 155(8,4-10~7 1,8.10-8 2,0.10-8 (9,1-10-9 6,2-10-10
(deposit, Ci/g)  [FIM 0 | 1 8.10-8 11,8.107
Steam pipe beyond {51&|1,5-10-7 1,1-10-8 1.4-10-8 12,4-10"% 11,5-10-8 |1,5-10-10
SND, T .Ci/ cm? |

* LPC - Low-pressure cylinder.
+ SND - Low-pressure system.

corrosion products (copper-64 and manganese-56), impurities (sodium-24), and coolant nuclei (nitrogen-13,
nitrogen-16, and fluorine-18). After January, 1966, the activity of the iodines increased, this was due to

a reduction in the gas-tightness of the fuel elements. Subsequently (from September, 1966 to April, 1968),
fragment isotopes were identified in the coolant (cerium-144, cesium-137, barium-140, lanthanum-140,
etc). After June, 1968, the activity of the fragment elements in the reactor water increased by two orders
of magnitude. Gas activity peaks over 24~h periods reached 1500-2000 Ci. The activity of the dry residue
increased; it amounted to (1.2-4.8) - 10™% Ci/kg in the reactor water, (0.9-2.2) - 107° Ci/kg in the reactor
steam, and (0.6-1.4) - 107% Ci/kg in the turbine condenser. During this time, the activity of iodine-131 in
the reactor water varied from 6 -10~7 to 6. 107¢ Ci/ kg, the activity of iodine-133 and iodine-135 reached
1.7-107° Ci/kg, the activity of molybdenum-99 reached 2.5- 1078 ci/ kg, and the activity of barium-140
reached 6.2- 1077 Ci/kg. This was due to a worsening of the defects in the leaky fuel elements transferred
to the core periphery during the preceding reactor operating period. During reactor operating periods Nos.
3 and 4, these fuel elements were removed from the reactor, which reduced the fragment activity by a fac-
tor of more than 10, The activity of sodium-24 in the reactor water varied in accordance with the amount
of inleakage of the technological water through the condenser and the reactor power level. The proportion
of elements of corrosion origin in the coolant and the activity of these elements varied insignificantly in the
course of service, with the exception of the first stages of reactor operation.

Since experience showed that iron compounds were the basic components in the deposits on the inside
surfaces in the loop, we investigated the particle-size spectrum of these components along the water circuit
(Table 3). The table indicates that the initial period of operation is characterized by the largest amount of
insoluble suspensions in the coolant, Under steady-state conditions, ion-colloidal particles accounted for
approximately one third of the total iron content in the coolant. Investigations have shown that the particle
size is 1.2-3,5 u for most of the suspensions (65-70%).
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TABLE-5. Chemical Analysis:of Deposits on Surfaces Inside the Reactor

) ] . Content of elements, g/m°
Sampling date Sampling location e P cu N , o a e
1.3.1967 Peripheral mechanism of | 0,63 0,104 0,002 — — 0,048 0,092
CSR* - ’ .
11.8.1967 ‘|Lower part of the CSR* 1,47 | 0,91 0,125 - - 0,106 | 0,022
09-35
" Middle part of the CSR*.| 2.8 | 1,58 | 0,11 - - 0,59
09-35
i UPPe? partof the CSR* ;4,3 1,23 0,13 - — 0.7 0,144
| 09- : .
16.3.1967 Areas3getween the steam | 17,5 1,0 0,1 — - 0,18 0,036
openings of reactor " o .
18.10.1968 Sudace b FECMT | 07t | 0,33 | 0,24 | 0,004 |Not det. 'Not det. [Not det.
" 18 e sutthcs of tabrica-| 0,51 | 0,05 | 0,29 | 0,008 |Notdet. INot det. [Not det.
| tion cups of UUU
" Outside surface of lubri-.| ,01 0,35 | 0,125 0,023 0,002 !Not det. |Not det.
cation cups of UUU

* CSR - Control and safety rod. )
+ FECM — Fuel-element can monitoring system.

The methods of y~spectrometry, radiometry, and chemical and radiochemical analysis were used. in
investigating the deposits and their activity along the loop of the plant. The sampling was performed accord-
ing to the commonly.used methods,

Visual inspection of the internal reactor fittings has shown that a friable hematite deposit predomi-
nates on the surfaces in contact with the steam ‘(the top of the reactor, the shaft, etc.), while a dense mag-~
netite deposit predominates on the surfaces in contact with the water (the control rods the tubes for c¢heck-
ing the airtightness of the cans, etc.), Hardness salts settle on the high temperature surfaces in contact
with the reactor water. The largest amounts of corrosion products accumulate in the deaerators.

In no case were there obvious indications of corrosion failure, The drainage piping system of the
turbogenerator set, where the erosion wear reached 100% (airholes), were an exception. This made it nec-
essary to replace the carbon-steel drainage pipes with stainless-steel pipes.

Analysis of the activity in the deposits has shown tﬁat it is due mainly to elements of corrosion origin
(zinc-65, iron-59, and cobalt-60) and negligible amounts of fragment elements. The activities of deposits

TABLE 6. Chemical Composition of Deposits on the Inside Surfaces of the Equipment

Sampling . Element content converted to oxides, % by weight
Sampling location 4 Toss on - o S . s
ate .ignition' 8120 | Fe:03| Zno | cu0 | Mgo l o | ca Cr203 n304
Bottom part of deaerator 1 -1,3.1967 1,3 15,2 166,9 |0,71.10,29 | 0,52
Bottom part of deaerator 2 o 7,0 5,4 (84,5 |0,8 0,8 0,33 0,055 — 0,001
Bottom part of deaerator 1 24,2,1968 | 4,4 8,34 77,5 10,57 (0,14 0,02 0,033} 0,03 0,043
Stiffening fins of deaerator 1 *| 4.3.1967 | 3,37 3,42/ 88,3 |1,5 [1,43 0,64 |0,029 — 0,003
Side surface of deaerator 1 1.29.11.1968 | 1,54 7,9186,4 1,16 [0,72 | Not det,.{0,21 {Not det. | -0,12
Throttle valve (end-face) 1 17.3.1967 | 0,29 | 0,58/94,4 . 0,49 {0,015| Notdet.] — |Notdet. —
Flame of the turbine low-pres- | 9,3.1967 3,4 2,133 0,05410,036( 1,83 — — -
sure cylinder (LPC)
Brass tbe 10.3.1967 | 2,38 20,0438 |0,1 |5,6 0,9 — — 0,28 | M;0,
Blade of wrbine LPC 9.3.1967 |64,9 | 2,6}14,6 2,88 10,25 Notdet. | — |Not det. -
Steam pipe of condenser 1967 1 11 97,4 10,72 |0,02 0,44 (0,03 0,44 0,015
Steam pipe of condenser 1968 11,2 0 ] 0,71 98 1,02 10,427 0,31 |0,01 0,3t 0,008
Condensate pipe beyond LPC 1968 2,20 0,02/93,4 |0,59 {3,05 |Not det, {0,03 Notdet.|{ 0,008 |0,16
Steam pipe ahead of wurbine 1968 0,19* 0,05 9,9 2,70 0,57 |Not det. [0,05 |Not det. | Not det. | 0,08
Deposit ahead of SND throttle 1968 0,40* | 0,47/96,00{0,90 |0,32 |Not det, |0,01 |Notdet.| 0,000 |0,12
! . .

*Measurements performed twice,
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in the services and equipment of the plant are given in Table 4, while the chemlcal analysis results are

_given in Tables 5 and 6.

It should be mentioned that the analysis data given in Tables 4~-6 do not reflect the true dynamic char-
acteristics of the growth of activity in the deposits, since the equipment under consideration was partially
deactivated and the deposits were removed during the design and preventive work.

Rough estimates show that the activity of zinc-65 in deposits in the turbogenerator set is 0,2 Ci after
155 effective days of reactor operation and 0.5 Ci after 518 effective days of operation of 5 and 7% of the
total amount of zinc-65 that has passed through the turbine with the steam. Approx1mate1y 90% of this acti-
vity pertains to the pipes of the turbine condenser.

CONCLUSIONS

1. Compensation-free neutral water-chemical conditions do not produce harmful effects involving
corrosion processes and hence a high level of contamination of the surfaces of the fittings and services with
radioisotopes of corrosion origin. Their activity level after 780 effective.day;s of operation does not pre-
sent any difficulties when repairing and servicing the equipment of the atomic electric 'pdwer_ plant.

2. Most of the corrosion product particles have a size of 1.2-3.5 u. lon-colloidal particles account
for about one third of all the impurities. The use of a Powdex filter in the feed channel reduces considerably
the entry of corrosion products 1nto the reactor,

3. The major share of the activity of deposits belongs to isotopes of corrosion origin, of which zinc-65
accounts for approximately 80-907, of the total activity. In spite of the prolonged operation of the atomic
electric power plant with increased radioactive gas waste (approximately 1500-2000 Ci/day), there has been
no substantial contamination of the surfaces of pipes and equipment by fragment isotopes. The radiation
level of the equipment and services of the steam condensation channel does not hinder repair work.or lead
to overexposure of the operating personnel.
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SOME SAFETY PROBLEMS IN NUCLEAR POWER PLANTS WITH
WATER-COOLED WATER-~-MODERATED POWER REACTORS

V. F. Ostashenko, I. I. Bumblis, UDC 621.039.58
and A. M. Alpatov '

The fuel core of water-cooled, water-moderated power reactors (WWPR). must operate throughout the
entire fuel-burning cycle so as to prevent the appearance of inadmissible quantities of radioactive fission
products in the coolant in steady-state operation as well as under transient and emergency conditions. To
satisfy this requirement, which is equivalent to prevention of excessive heating of fuel element jackets or
of the appearance of excessive stresses in them, the following restrictions are usually imposed:

with a sufficient margin of safety critical heat exchange is prevented from occurringwhen the coolant
approaches the boiling point;

with a sufficient inargin of safety the uranium dioxide is prevented from reaching its melting temper-
ature;

with a sufficient margin of safety stresses in fuel element jackets are kept below their critical value;
no uncontrollable rise in.reactivity is allowed to occur; '

dangerous fluctuations of reactor power are kept within safe limits,

In connection with the above, the reactivity control characteristics, the nuclear characteristics, the .

thermal and hydraulic characteristics, as well as emergency situations are examined in this article.

Reactor Control and Safety System

Variations of the reactor core reactivity can be arbitrarily classified as fast and slow, The first takes
place when the reactor power level is changed and in emergency situations. The latter occur as a result of
fuel burn-out and xenon or samarium poisoning and also in case of reactor cooling.

Accordingly, the reactor control and safety system is divided into a reactor power control system,
reactor shutoff system, and a system for compensating slow reactivity fluctuations.

The reactor power control system must usually provide mears for compensating variations of reacti-
vity taking place when the reactor power is changed, while the efficiency of control elements and the possi~-
ble rate of rise of reactivity must ensure that no danger of core damage can occur,

According to the first requirement the efficiency of the reactor power control system must be adequate
for compensating reactivity changes due to the Doppler effect when the reactor power is varied from zero
to full rated power, for compensating fluctuations in average water temperature and density within this
range, and for neutralizing reactivity variations due to the motion of control elements in the control region’
of the core. In addition, an excess of reactivity must be provided for compensating slight load fluctuations
at the end of the burn-up cycle. :

The second demand is usually satisfactorily met if the rate of rise of reactivity does not exceed the
delayed-neutron fraction (at the end of burn-up cycle) in 20 sec. This.is explained by the fact that in WWPR
the Doppler-effect time constant is usually 3-5 sec so'that at the above rates of rise of reactivity there.is no
danger of prompt-neutron runaway, It must be stressed that this is true as long as the control elements
are prevented from moving upwards at speeds much higher than normal,. If such a possibility is taken into

Translated from Atomnaya Energiya, Vol. 30, No. 2, pp. 127-132, February, 1971.

© 1971 Consultants Bureau, o division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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TABLE 1, Efficiency Requirements of Reactor Con-
trol and Safety Systems :

Requirement ’ Reaciivity, %

Doppler effect 1.4-1.6
Variation of average water temperature B 0-1.0

| ' Variation of average water density 0-0.1

| Control range 0.5

‘ Operational margin ) 0.1

} Overall efficiency required for contro} purposes 2:0-3.3 .
Power fluctuations : v 1.4-2.7

“ - Subcriticality 1.0

| ... Efficiency of most effective control element 1.0

| Overall efficiency -for shutoff 3.4-4.7
Fuel bum -up 8.0-10.0
Xenon and samarium poisoning 3.0
Cooling 4.0-5.0
Overall efficiency needed to compensate slow 17.0-28.0

variations of reactivity

account, the maximum eff1c1ency of control elements must be limited to a safe value usually equal to 1-2
delayed-neutron fractions. :

The reactor shutoff system must ensure that the core is subcritical after the reactor is shut down in
a hot state even if the most effective control element is completely out of the core. Thus, the reactor shut-
off system must be capable of compensating changes in reactivity when the reactor power is varied from
zero to full rated power, of ensuring core subcriticality after the reactor is shut down in a hot state, and
of reducing the system efficiency when the most effective control element is stuck in its extreme top posi-
tion.

A comparison of the tasks of the reactor power control and reactor shutoff systems indicates that the
requirements as to the compensation of reactivity fluctuations due to reactor power changes overlap partial-
ly. Some of the control elements can thus be common for both systems. This allows a reduction of the

| overall required system efficiency but inevitably leads to common control loops making it necessary to de-
f sign the control and safety systems so that any damage to the control system elements does not affect the
operation of the shutoff system.

|
|
Overload subcriticality 2.0-10.0
|
)

The system for compensating slow changes in reactivity must provide an excess of reactivity for fuel
burn-up and for xenon and samarium poisoning, and ensure that the core is subcritical at environment tem-
perature and in the case of overloads. :

Typical variations of reactivity in WWPR on whose basis the efficiency of control, and shutoff, and
compensation systems are determined are listed in Table 1,

The design must take into account a 10-20% uncertainty in reactivity variations. The efficiency of re-
activity control systems must thus be correspondingly increased.

On the basis of data in Table 1 one can find the required efficiency of the reactor control and safety
system as well as of the subsystems of which it consists. If the control, shutoff, and compensation systems
are completely separate, the overall efficiency can be as high as 27-36% (allowing for a 20% uncertainty).
Such an efficiency is quite difficult to obtain with only mechanical control elements. If compensation of slow
reactivity fluctuations is provided by a liquid absorber, the required overall efficiency of the control and
shutoff systems is reduced to 6.5-9.6% (with 20% uncertainty allowed for). Such an efficiency can be obtained
with the aid of mechanical control elements. If the control and shutoff systems use common control ele-
ments, the required efficiency drops to 4.8-6.3%. ' '

Combined use of mechanical reactivity-control elements and of a liquid absorber makes it possible to
compensate the excess of core reactivity in WWPR of any power and to ensure the satisfaction of all the above
safety demands. -
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Physical Characteristics of the Core

In addition to their effect on the control element's efficiency, physical properties of the core affect
such reactor safety characteristics as reactor stability in the face of spatial power fluctuations caused by
redistribution of xenon in the core, the power distribution in the core, and finally the reactivity coefficients.

The reactor stability to xenon fluctuations is established by analyzing the stability of the transient
spatial power distribution. The probability of xenon instability increases in large cores and in the case of
strong power distribution compensation. If dangerous power fluctuations can oceur, a system must be pro-
vided for monitoring the neutron flux distribution in the reactor so that reactor power fluctuations can be
suppressed in time. It has been found that 1000-3000 MW (th) water-cooled, water-moderated power reac-
tors are insensitive to xenon fluctuations and require no special control elements.

To ensure core safety in the course of reactor operation, the ratio of maximum to average power den-
sity should be kept below the established threshold. During the design one must analyze the power distribu-
tion in the core for all expected operating conditions as well as in the course of fuel burn~up and prove that
the reactor design characteristics can be realized well within safety limits.

To analyze the reactor core behavior under steady-state, transient, and emergency conditions one
must know the coefficients of reactivity, Since these coefficients vary in the course of fuel burn-up and
depend on other operating conditions (e.g., power and temperature level, degree of xenon or samarium
poisoning, liquid absorber concentration, position of mechanical control elements, ete,), it is necessary
to establish the range of these coefficients.

Typical ranges of variation of reactivity coefficients in WWPR with liquid absorber lie within the fol-
lowing limits:

water temperature coefficient of reactivity, defined as the change of reactivity per one-degree change
in water temperature, lies in the interval from +0.5-10"% to —6.0-10™¢ 1/°C;

water pressure coefficient of reactivity, defined as the change of reactivity per unit change in water
pressure, lies in the interval from +0.3.107° to +5.0 - 107° 1/(kg/ cm?);

water density coefficient of reactivity, defined as the change of reactivity per unit change in water
density, lies in the interval from +0.2.10-1to +3.0.10"1 1/(g/ cm?);

fuel temperature coefficient of reactivity (Doppler effect), defined as the change of reactivity per one-
degree change in fuel temperature lies in the interval —2.0- 10~° to —3.0* 10~° 1/°C;

power coefficient of reactivity, defined as the change of reactivity per one-percent change of reactor
power from nominal, lies in the interval —1,0.107¢ to —2.0-10~¢ 1/% of power.

The stability and reliability of dynamic characteristics of nuclear power stations with water-cooled,
water-moderated power reactors is in a large measure due to the fact that the Doppler-effect and power
coefficients of reactivity are negative in such reactors,

Thermal and Hydraulic Characteristics

Nonuniformity Ratios. In the design of WWPR one usually uses the following definitions of ratios of
nonuniformity of heat production:

fuel assembly ratio of nonuniformity, i.e., the ratio of maximum to average fuel-assembly power in
the core;

axial power distribution ratio of nonuniformity, i.e., the ratio of maximum to average power density
along the fuel assembly; '

local ratio of nonuniformity of power distribution in fuel elements in the assembly, i.e., the ratio of
maximum fuel element power to the average power in the assembly.

General ratios of nonuniformity of the local heat flux and water heating in fuel assemblies are defined
as the ratio of maximum values to values averaged in the core,

Safety Factor. Each one of the general ratios of nonuniformity is the product of nuclear ratios of non-
. uniformity, that describe the distribution of heat sources (number of fission events) in the core, and safety
factors that allow for deviations from the design conditions.
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In determining the safety factors one must take into account the statistical combination of production
tolerances in fuel density and enrichment, in the diameters of fuel pellets and elements, and in the relative
position of fuel elements; the water distribution at the fuel assembly inlet and the mixing of water flow /
among the different channels in the assembly must also be considered.

In addition, thermal and hydraulic analysis of the core must consider redistribution of the water flow,
reduction of its flow rate in the hot channel of the assembly (as a result of increased hydraulic resistance
due to surface or bulk boiling), maximum water temperature and pressure deviation, as well as excursions
of thermal power in the course of reactor operation as a result of errors and dead zone of mstruments,
control system errors, ete. ‘

Maximum thermal power is governed by settings controlling power reduction and reactor shutoff and
by errors due to drift and setting irreproducibility of neutron-flux monitoring devices,

Heat Exchange Crisis. The approach of boiling crisis is accompanied by a rise in surface heating
temperature so that the conditions of occurence and the exact location of boiling crisis must be known. It
should be remembered that sinee the analysis is made with empirical relatlonshlps their extrapolatlon to
other parameter-variation intervals can lead to 31gmf1cant errors.

A comprehensive analysis of heat exchange crisis requires at least.the following data: a relatienship
describing the conditions of heat exchange crisis, the range of channel parameters and geometry in which
this relationship holds, and the statistical probability of deviation of experimental points from th1$ relation~
sh1p

From the point of view of the onset of heat exchange crisis, the core operating conditions can be clag-
sified as follows:

rated conditions (reactor power, flow rate, pressure, and input heat content of coolant are within
rated values);

worst-case steady-state conditions (high reactor power and input heat content of water, coolant pres-
sure reduced by an amount determined by monitoring and control instrument errors);

maximum heat output conditions (maximum reactor power determined by settings and by errors in the
operation of the emergency protection system);

constant load conditions (similar to rated conditions but with a smaller number of operating circula-
tion loops);

operation with reduced coolant flow rate;
operation with reduced pressure in primary loop.

An analysis of heat exchange crisis makes it possible to find the dependence of critical power on cri-
tical flow rate for various primary loop pressures. This dependence is an important tool for determining
the safety margin for heat exchange crisis under various operating conditions.

Typical dependence of critical fuel-assembly power on the critical coolant flow rate in WWPR is given

below:
Flow rate, kg/sec Power, MW (th)

5 6
10 10
15 13
20 15
25 17
30 19

The most impoi‘tant operating mode from the point of view of heat exchange crisis in WWPR is the
operation under reduced coolant flow rate conditions. Typical statistical number of fuel elements reaching
heat exchange crisis under conditions of reduced coolant flow rate is shown below:
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Number of fuel elements

P , 1 te, . -
ower, % Flow rate, % reaching crisis, %
100 100 0
100 50 2.10™4
100 40 3.1071
100 . 30 12

Fuel and Jacket Temperature. The fuel temperature in WWPR is limited by the meltmg point of ura-
nium dioxide, while the temperature of fuel jackets is limited by the rate of corrosion of z1rconlum alloys
in hot water,

The power safety margin of melting temperature at the hottest spot in the core of WWPR is usually
20-50% of full rated power. The permissible temperature of zirconium alloys is about 350°C.

Emergency Situations

Emergency situations can be arb1trar1ly classified as emergencies associated w1th changes in reacti-
vity and emergencies caused by mechanical failure of the equipment.

The reactor control and safety systems are designed to prevent damage of fuel element jackets under
transient and emergency conditions. All the more probable failures give rise to signals that operate the
protection system. To avoid false operation and to prevent loss of protection when some part of the safety
system fails, the system usually has three channels, the coincidence of any two of three signals being nec-
essary to trigger the safety system. The analysis of emergency situations usually assumes that the most
effective control elementis outsidethe reactor core.

To emergency situations associated with reactivity changes belong: start-up trouble, uncontrollable
rise of reactivity as a result of extraction of the control element or drop in the concentration of liquid ab-
sorber, inflow of cold water into the core, ejection of the control element, drop of the control element,
collapse of the core, overload trouble, etc.

The following are some of the most dangerous emergency situations.

Unforeseen Start-Up Troubles. The probability of an unforeseen rise of reactivity during reactor
start-up is very low but can nevertheless occur as a result of failure of the reactor control system or of the
control-element drive system,

The following measures are usually undertaken to prevent start-up emergencies:
reactivity is inserted at a predetermined and controlled rate;

control elements are combined into preselected groups that do not change throughout the burn-out cycle.
Only one group operates at any given time so that no control element is able to move outside its group;

the reactor safety system is triggered by signals indicating uncontrolled upward motion of a control
element, uncontrolled rate of rise of neutron flux or 1ncreas1ng neutron flux level, too high water pressure
or temperature in the primary loop.

The negative fuel temperature coefficient of reactivity limits the power. Avoidance of start-up trou-
bles by the above means prevents core damage.

Unforeseen Inflow of Cold Water into the WWPR Core, This can take place in two cases: operation \
of the emergency feed pump and connection of the cold circulation loop. The first case presents practically
no danger as the flow rate of cold water is low and the water is collected in the mixing chamber above the -
core and enters the core only after flowing through the entire primary circuit.

To eliminate the second case and to prevent fuel element damage one usually takes the following mea- ‘
sures: ‘

the technique of connecting the cold circulation loop to the reactor is perfected in the course of start-
up and adjustment operations;

blocking devices are added to prevent operation of the pump and of the loop valve when the temperature
dxfference in the reactor and loop is excessively high;
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to prevent rapid inflow of large amounts of cold water into the core the time the loop valve stays open
is selected so that the connected loop has a chance to be heated by the reverse stream of water;

means are provided to operate the reactor safety system when the level or rate of rise of the neutron
flux becomes excessive. '

Prevention of "cold" emergencies by these means practically eliminates the possibility of reactor
core damage.

Ejection of Control Element. Special devices are used to prevent ejection of the control element by
the pressure drop which occurs when the drive mechanism cooling jacket is damaged; another way to pre-
vent such emergencies is to limit the maximum efficiency of the control element. If liquid absorber is used
operation with all mechanical control elements, except a single regulating group, extracted from the core
is considered normal.

In WWPR the maximum efficiency of a power control element is usually 1-2 delayed-neutron fractions
and the Doppler effect is capable of reliable prevention of power rise. Thus, together with the Doppler ef-
fect, the above measures provide reliable protection of the reactor core from damage,

‘ Emergenéy Situations Caused by Mechanical Equipment Failure. These include the following situa-
tions: reduction of coolant flow rate through the core, loss of coolant from the primary circuit, total load
cutoff, damage of main steam line, damaged steam generator tubing, failure of the spent-fuel cooling sys-
tem, etc. '

The first two situations are the most dangerous ones. The first can occur as a result of pump break-
down or from a failure in the pump power supply. The following measures are commonly undertaken to pre-
vent such emergencies: the pump power supply circuits are made as reliable as possible (sectionalized pow- [—-
er buses, use of special-purpose generators, etc.); the mechanical inertia of the pump rotor is increased;
the reactor power is reduced as rapidly as possible to a new level corresponding to the lower flow rate level;
safety means are provided in case of electrical power system failure and reduction of water flow rate. As
a rule, these measures provide reliable protection against core damage. '

The danger of the second kind of accident depends entirely on the scale of probable primary-circuit
damage assumed in reactor design. At present there is no reliable quantitative definition of maximum pos-
sible equipment damage but it is qualitatively considered that the greater the assumed possible damage the
lower the probability that it will actually occur. Irrespective of the assumed possible damage, great em-

" phasis is put on prevention of large-scale equipment damage and on total elimination of radiation injury of
the population and staff, The following measures are undertaken to achieve this:

the materials, manufacture, and testing of the primary-circuit equipment must meet much more
stringent quality demands than in conventional power engineering;

~

all basic equipment of the primary circuit is placed in hermetically sealed locations designed to with-
stand increased pressures resulting from accidental loss of coolant and fitted with special cooling and pres-
sure reducing devices as well as with cutoff devices that operate in case the allowable pressure is exceeded;

a rapid pressure drop in the primary circuit operates a fast-acting protection system and causes water
to flow from the feed system into the primary circuit.

As an additional security measure a protective belt is provided around nuclear power stations.

A large body of experience in the design and operation of nuclear power plants with water-cooled,
water-moderated power reactors has been accumulated in recent years. There iseveryreason to consider
such plants no more dangerous than conventional electric power plants, Radiation injury to the population
is practically impossible, and any presumable emergency situation in nuclear power stations with water-
cooled, water-moderated power reactors cannot be of a catastrophic nature. ‘
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PHYSICS PROBLEMS AT THE BELOYARSK POWER
STATION REACTORS

V. K. Vikulov, Yu. I. Mityaev, UDC 621,039.51
and V, M. Shuvalov

The first two reactors at the Beloyarsk nuclear power station belong to the class of water-cooled,
uranium - graphite-channel power reactors. The main feature of these reactors is nuclear superheating of
steam which requires the existence of two types of fuel channels (FC) in the reactor: evaporative channels
(EC), in which preheating and partial vaporization of water occurs, and superheat channels (SC), in which
steam is superheated to ~520°C, The fuel elements in the fuel channels are of the tubular type with uni-
directional cooling which prevents the entrance of fission fragments into the coolant loop in an accident,
This arrangement ensures a very favorable radiation situation at the station itself and in the surrounding
areas,

Equalization of Energy Deposition over the Reactor. One of the important problems in the operation
of a power reactor is the provision of an equalized distribution of energy deposition over the reactor. In
the reactors at the Beloyarsk station, this is achieved by physical shaping: for a fresh loading, by the ap-
propriate arrangement of FC with different uranium enrichment and control rods; for transitional and steady-
state regimes, by additionally shaping the fuel burnup in FC along a reactor radius.

A reactor loading consists of 998 FC, 732 of which are EC with uranium enrichment of 2 and 3% (EC-2,
EC-3), and 266 of which are SC located in a ring (first unit) and in the center of the reactor (second unit)
alternating with rows of EC-2; the EC-3 are arranged at the periphery of the core. The number and location
of the EC-3 were determined on the basis of physical calculations of the reactor core aimed at ensurmg
equalized energy deposition over the reactor and achieving the maximum permissible burnup in FC for a
given fuel composition. The core calculations were based on a two-group approximation using a special
computer program. To carry out the calculations in accordance with the FC arrangement, the core was
represented by four cylindrical regions with radii R, = 175 em (234 FC), R, = 268 cm (324 FC), R; =316
cm (220 FC), and R, = 358 ¢cm (220 FC).

As shown by the calculations and by operating experience, for large uranium — graphite reactors with
relatively small neutron leakage, the neutron flux distribution over the reactor is mainly determined by the
multiplication properties of the reactor regions. The values of the neutron multiplication factors in the
various regions, Ke; = 1.013, K., = 1.021, K.y = 1,043, and Ky = 1.045, make it possible to ensure equal~
ized neutron distribution along a reactor radius with a variability factor Ky = 1.20-1.25, The simplified
computational scheme was checked by more precise methods — for example, by two-dimensional -calculations
which demonstrated its complete validity. Of course, the method mentioned requires a smaller amount of
machine time than the more complex computational methods,

A neutron multiplication factor which increased toward the periphery of the reactor is achieved by the
installation of FC with 3% uranium enrichment (EC-3), FC reloading and uranium burnup in the various re-
gions are chosen so that, at the end of an operating period (before fuel reloading), the K corresponded to
assigned values which ensured the required equalization of energy deposition. During an operating period,
maintenance of the K of the reactor regions is accomplished by the appropriate introduction of control
rods into the core. Operating experience with the reactors at the Beloyarsk station showed that the control
rods are’a convenient instrument for shaping the energy deposition distribution over the reactor, especially
with some reduction in their effectiveness (see below). The energy deposition equalization achieved in the
reactors for Ky = 1.20 is one of the best in the world.

Translated from Atomnaya Ff}nergiya, Vol. 30, No. 2, pp. 132-137, February, 1971.

© 1971 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New -York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this ariicle is available from the publisher for $15.00.
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Fig. 1. Dependence of the power ratio of FC (qj) and of 7 on thermal energy
(E) .developed by the reactor of the second unit during the first operatmg period.

Fig. 2. Relative variation of total power cost (C) and of the fuel component of
cost (CF) as a function of time between FC reloadmgs (AT).

In the transitional and steady-state modes for partial FC reloadings, when the burnup excess reacti-
vity is small (~ 1% for reactor operationin the period between reloadings), equalization of energy deposition
distribution over the reactor is also accomplished by shaping fuel burnup in the FC. Reloading of FC of
different kinds is carried out in such a way that the average neutron multiplication factor over the reactor
regions corresponds to that given above. '

Provision of Necessary Power Ratio in Superheat and Evaporative Loops. A characteristic of nuclear
superheating of steam is the necessity of ensuring the requlred and as constant as possible over the oper-
ating period, ratio of power in the superheat and evaporative loops (7 = Ns¢/Ngc). A value 7 = 0.41 per--
mits one to obtain steam superheated to ~520°C with optimal parameters for the thermodynamic cycle,

The number of SC was chosen so as to ensure the aforementioned 7 during steady-state modes of partial
reloadings with equalized energy deposition distribution over the reactor (Ky =~ 1.25). The steady-state
mode is characterized by a small variation in 7 over the period between reloadings (no more than 1% for
constant neutron flux distribution along a reactor radius). As pointed out, the arrangement of SC in the
first and second reactors at the Beloyarsk station is not the same: in the first reactor, they are arranged
in a circular region bounded by radii of ~1.75 and ~3.1 m; in the second reactor, they are in a central re-
gion with a radius of ~2.6 m. The ring arrangement of SC (first unit) has the advantage that the fraction of
power going into superheat is only slightly sensitive to changes in radial neutron distribution; for the second
unit with centrally located SC, the quantity = depends significantly on nonuniformity of neutron flux distri-
bution along a reactor radius, and for neutron fluxes falling off toward the periphery, is characterized by
the following data: '

Ky ' 1,20 I 1,36 | 1,53 | 1,78

n | 0,408]0,429]0,452

However, the central arrangement of SC (second unit) is preferable because it enables one to obtain a some-
what larger value of 7 (by ~12%) for the same number of SC, In addition, the central arrangement of SC,
which assure better multiplying properties than with EC, makes it possible to increase neutron utilization
in the reactor, increasing the average fuel burnup by ~ 10%.

The demand for stability of 7 carries with it the requlrement for maintaining an equalized distribution
of energy deposition along a radius of the reactor core during an operating period. The steam temperature
at an SC exit is a good means for monitoring the distribution of energy deposition over the reactor.

As pointed out, the number of SC was selected so as to ensure the required = in the steady-state mode,
when 7 changes little, In the initial period of reactor operation with a fresh loading, the different burning -
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Fig. 3. Relative variation in effectiveness (1) and boron content (2) as a function
of thermal energy developed by a reactor.

Fig. 4. Relative effectiveness p of automatic control rod as a function of dis~
placement for E = 230 GW - days.

rates of EC and SC leads to an imbalance of loop power. Figure 1 shows the dependence of the change in
power of FC of various types (the power of a fresh FC was normalized to the power of an EC-2) and of the
quantity = on the thermal energy devloped by the reactor. The calculation assumed that the reactor oper-
ated with Ky ~ 1,25, The power in the superheat loop falls particularly rapidly with respect to that in the
evaporative loop at the beginning of operation; this is explained by the relatively small change in EC power
because of the somewhat greater breeding of fuel in the slightly enriched EC-2. In practice, the constancy
of 7 was achieved by gradually loading SC to the planned number, ‘

Use of a Combined Control System, As the initial excess reactivity is exhausted, when the number
of control rods in the core is reduced to zero, the equalization problem with respect to energy deposition
becomes particularly complex, The control rods (CR) presently used in the Beloyarsk station reactors
(boron steel bushings 39 X 3 mm in size with 2% of boron by weight [1]) are comparatively heavy. The fol-
lowing chart shows the effect of a CR inserted into the core on the power of surrounding FC: :

g9z | o6 | o8 | 0%

ow | om @ on | qw

092 | 08 | 08 | o#

The significant "drop" in FC power on the introduction of a CR makes the energy deposition variabil-
ity factor worse by an average of 5-7%. The relatively high effectiveness of regular CR places a limitation
on the number of rods which can be kept in an intermediate position to avoid significant deformation of the
neutron flux over the height of the core. The lack of "freedom" in selecting CR position makes the equali-
zation of energy deposition along a reactor radius difficult. This was confirmed by operational experience
when it was impossible to achieve the requiredequalization of energy deposition by means of the control rods
remaining in the reactor at the end of the first operating period and the variability factor went from Ky
= 1,20 to Ky = 1.27. A forced reduction in reactor power followed as a result, Because of this, it has pre-
sently been decided to switch to a combination control system.

The rods which were intended for compensation of the slowly varying excess reactivity in burnup and
equalization of energy deposition fields, will be replaced by lightened "gray" absorbers made of ordinary
‘heat-resistant steel with an effectiveness which is 2,5 times less than that of the standard CR.  The standard
CR will be retained to compensate for temperature effects and xenon poisoning. The use of lightened CR
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makes it possible to have a satisfactorily "soft" effect on the shape of the neutron field, to avoid large
"drops" in power in FC adjacent to the rods, and to reduce the variability factor for energy deposition in

the reactor. Calculations show that the use of lightened CR assures more stable distribution of energy de-
position throughout the reactor during operation. The root-mean-square variation of EC power during
periods between reloadings is ~49% while this quantity is 10% when standard rods are used. One of the ad-
vantages of the new, heat-resistant steel rods, in addition to those already noted, is the considerably lower
heat deposition by radiation (about a factor of four less) which reduces the temperature in the rods them-
selves and in the metal structural parts; in contrast to standard rods the new rods are less subject to radiation
swelling and do not change their effectiveness during irradiation,

Partial Reloading. After the end of the first operating period, it was expedient to carry out the re~

- placement of burned out FC with fresh ones in small steps, moving gradually to the equilibrium state of the
reactor, Reloading of FC in small steps makes it possible to increase significantly the depth of burnup in
unloaded FC without increasing the U®® loading in the reactor and thus to reduce the fuel component of the
cost of electric power. As has been shown [2], with an established scheme of partial reloading in a reactor
consisting of one kind of channel and having a linear dependence of K« on fuel burnup, the depth of burnup
in spent FC is B = 2B;/1 + 1, where B, is the depth of burnup in FC for the first operating period and 7 is
the fraction of FC reloaded per reloading. .

One of the features of channel reactors is the capability for relatively simple FC reloading, including '
continuous reloading during reactor operation.

As already noted, the equalization of energy deposition distribution in established partial fuel reload-
ing mode is achieved by shaping the burnup in the FC loaded. The presence of FC of different kinds (and
different cost) in each region makes it possible to assure the required K.j of the reactor regions in many
ways. It is obvious that there exists a ratio of FC of different kinds which corresponds to the minimum
fuel component of electric power cost (C) while assuring the required equalization of energy deposition
distribution over the reactor. Optimizing calculations were carried out using a special program which
made it possible to determine the fraction of reloaded channels with minimum Cy for different intervals
between FC reloadings. The energy deposition distribution with Ky ~ 1.25 assumed in the calculations pro-
vided shaping of fuel burnup in the channels loaded. The fuel component of electric power cost for various
intervals between reloadings was obtained specifically for a reactor of the second unit at the Beloyarsk sta-
tion with three types of FC (EC-2, EC-3, SC) including the actual nature of the relation K = f (B) (Fig. 2).
The quantity Cr was normalized to the value of the fuel component of electric power cost for continuous
FC loading.

The continuous reloading mode makes it possible to increase FC burnup by ~ 80% in comparison with
the first operating run of the reactor,

For reactors in which the replacement of FC requires shutdown and the associated additional expenses
for down time of the reactor, there exists an optimum time interval between reloadings (or an optimum
fraction of reloaded FC) which corresponds to a minimum value of the total cost C of electric power. Fig-
ure 2 shows a series of curves for the total cost of power as a function of the time between FC reloadings
and of the down time for the reactor. The down time of a reactor comprises the shutdown time, cooling
time, FC loading time, and time to get up to power. For the reactor down times considered, the optimum
interval between FC reloadings falls within the limits of 30-70 effective days. The reloading time for a
single FC was assumed to be 2 h, The total time for shutdown, cooling and startup was varied: 1 day {(curve
1), 2 days (curve 2), 4 days (curve 3), and 6 days (curve 4). The thermal power of the reactor was assumed
to be N7 = 530 MW. The total cost C of electric power was normalized to the value of C for the continuous
loading mode without reduction in reactor power.

Purging Superheat Channels. A specific feature of the reactors at the Beloyarsk station is the startup
mode [3]. The reactor is brought up to power without an outside source of heat. In accordance with regu-
lations, startup is performed by the so-called SC purging process, which is associated with a relatively
rapid replacement of SC water by steam. A reduction of reactor power from 10% to 2% of nominal with
simultaneous reduction in feed water flow immediately precedes SC purging. In this situation, water begins
to boil in the separator and SC purging occurs. The purging process is continued for about ten minutes.
The change in core composition brought about by SC purging leads, on the one hand, to a change in the mul-
tiplying properties of the medium (particularly the shift in reactivity) and, on the other, to a change in the
effectiveness of the inserted control rods.
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The replacement of water by steam in the SC increases the effectiveness of the combined control sys-
tem rods because of the increase in migration length and neutron leakage. The effectiveness of inserted
control rods rises by ~5% on the average. Strictly, the shift in reactivity can be both positive and negative.
The water in FC affects the multiplying properties of the lattice in two ways: it reduces the thermal neutron
absorption, but it increases the neutron resonance capture escape factor. The sign of the effect depends
mainly on the ratio of the amounts of moderator and uranium.

The 200 mm lattice spacing used in the reactors at the Beloyarsk station is only slightly sensitive to
the presence of water in FC because of the small shift to the left from the physical optimum. The shift in
reactivity is negative and varies from 0.2% for fresh regions to 0.4% for burnup regions. The variation of
the shift in reactivity with burnup is explained by the relative reduction in the "weight" of the water in the
slag region., As shown by reactor operating experience, SC purging is easily handled by the control units
(on the average, by withdrawing four CR), and presents no difficulty for the operators,

Variation in Efficiency of Control Rods during Reactor Operation. With extended operation of a reac-
tor having a control system of absorbing rods made of boron-containing materials (boron steel for the Belo-
yarsk station reactors), it appears necessary to consider the variation in the effectiveness of the controls *
because of significant burnup of the BY in them. The change in rod effectiveness also results from a change
in the diffusion properties of the material during burnup.

In a computer calculation of rod burnup, an equivalent cell of a regular lattice of rods was considered

in the center of which a CR surrounded by a multiplying medium was located, The properties of the medium

were made homogeneous with appropriate cross sections which took into account the heterogeneous arrange-
ment of fuel in the reactor and its burnup. Figure 3 shows the computed results for the variation of the to- -
tal effectiveness of a CR under conditions of continuous irradiation as a function of the thermal energy de-
veloped by the reactor (curve 1), The curve was normalized to the effectiveness of an unirradiated rod in

a fresh region. Also shown is the relative variation of B® concentration because of burnup (curve-2).

It is of interest to know the variation of concentration, and the associated distortion of the calibration
curve for an automatic control rod, resulting from nonuniform burnup of boron over the height of the core.
As a rule, automatic control rods are kept half-inserted into the core (for operation in the linear portion
of the calibration curve), which increases the nonuniformity of boron burnup even more.

Figure 4 shows the nature of the variation in calibration curves because of nonuniform burnup of B
along the length of a rod in comparison with the calibration curve for an unirradiated rod (curve 1), Curves
2 and 3 are typical of calculated calibration curves for rods which are continuously in the core and which
are respectively inserted halfway and completely for ~ 230 GW.days thermal energy developed by the reac-
tor (approximately the end of the first operating period for the second unit),
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START-UP AND OPERATION OF CHANNEL-TYPE URANIUM — GRAPHITE
REACTOR WITH TUBULAR FUEL ELEMENTS AND NUCLEAR
STEAM SUPERHEATING

P. I, Aleshchenkov, G. A. Zvereva, , UDC 621.311.2
G. A. Kireev, G. D. Knyazeva,

V. I. Kononov, L, I. Lunina,

Yu. I. Mityaev, V, P, Nevskii,

and V. K. Polyakov

Two uranium ~— graphite channel-type reactors with tubular fuel elements and superheated steam para-
meters of 80-90 abs. atm and 510-520°C at the turbme inletoperate at the I. V. Kurchatov Beloyarsk Nucle-
ar Power Plant in the USSR..

Nuclear power plants using nuclear superheating of steam and tubular fuel elements have a number of
advantages: high efficiency, use of commerical thermomechanical equipment, and the possibility they afford
of building nuclear power plants in populated areas by virtue of their high radiation safety.

For these reasons, the mastering of nuclear power plants with nuclear steam superheating by the in-
dustry is of considerable importance for the advance of nuclear power engineering [1].

The first Beloyarsk reactor with an electric capacity of 100 MW in conjunction with a VK-100-6 tur-
bine has been put into operation (on April 26, 1964) [2]. The second reactor, started on December 29, 1967,
has an electric capacity of 200 MW and operates in conjunction with two VK-100-6 turbines [3].

Apart from their capacity, the reactors of the first and second units differ in their flow diagrams and
in the location of the evaporation and steam superheating channels in the core.

The first unit has a two-circuit flow diagram. The primary, boiling circuit includes 730 evaporation
channels, separators, a steam generator, and the main circulation pumps. The secondary circuit contains
268 U-shaped steam superheating channels in which steam is heated to 520-540°C, a steam generator, and
the turbogenerator with its auxiliary equipment. The steam superheating channels are located in the circu-
lar region and alternate with the evaporation channels,

The coolant flow diagram is shown in Fig. 1la,

The total number of fuel channels in the second unit and their construction is the same as in the first
unit. The steam superheating channels are located in the central region of the core and also alternate with
the evaporation channels. The flow diagram is a single-circuit one (see Fig. 1b).

Bubblers are provided in both units for heat removal during start-up.

The design of the Beloyarsk plant was based on theoretical and experimental investigations on elec-
trically heated test stands and in the loop circuits of the First Nuclear Power Plant reactor whose purpose
was to select and work out the technique and conditions of independent start-up [4]. In working out the start-
up conditions we have considered problems associated with heating of the nuclear plant equipment, the
change from water cooling of fuel channels to boiling in the evaporation channels and superheating in the
steam superheating channels, and the additional rise of steam parameters and the unit capacity.

At the first stages of tests the transition from water cooling of the steam superheating channels to
steam cooling (one of the basic steps of the start-up process) consisted in gradually replacing water by a
steam-and-water mixture and then by steam at about 30% of full rated power. An experimental analysis of

Translated from Atomnaya Energiya, Vol. 30, No. 2, pp. 137-144, February, 1971.
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Fig. 1. Heat flow diagram: a) first Beloyarsk unit; b) second Beloyarsk unit; ¢) nu- '
clear plant with supercritical coolant parameters; 1) reactor; 2) evaporation chan~-

nel; 3) steam superheating channel; 4) preheating channel; 5) first superheating chan- 1
nel; 6) second superheating channel; 7) circulation pump; 8) steam separator; 9) pre- [
heater; 10) evaporator; 11) condensate pump; 12) feed pump; 13) superheat regulator; |
14) deaerator; 15) turbogenerator; 16) bubbler; 17) condenser; 18) condenser purifier; K
19) mixer; 20) start-up separator; 21) intermediate steam superheater; 22) low-pres-
sure regenerative preheater; 23) h1gh-pressure regenerative preheater; 24) feed turbo-
pump; 25) booster pump.

this method in the First Nuclear Power Plant loop and on the test stand showed the presence of coolant—flow-f
rate pulsation, repeated water splashes into "blown channel,” and in some instances also pulsation of fuel ||

element temperature, ;

After calculations and experimental trials we have chosen the method of transferring the steam Super-‘
heating channels to steam cooling at a reduced (to 2-3%) reactor power making use of heat accumulated in the
coolant and in the equipment (mainly in the graphite stacking) that is released at reduced pressure in the i
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steam circuit. In the course of development of this method we have found the minimum pressure drop be--
tween the collectors of saturated and superheated steam required for purging the steam superheating chan-
nel of water; the channel flow rates that provide hydrodynamic stability of the coolant at different powers
and circuit pressures; and the hydrodynamic characteristics of the fuel channel at various pressures.

Physical experiments on the first-unit reactor in the course of start-up indicated that when water is
removed from the fuel channel the reactivity effect amounts to AK/K = +0.07% for 268 steam superheating
channels and AK/K = —0.6% for 730 evaporation channels.

During power start-up we have determined the basic purging parameters of the steam superheating
channels such as the coolant flow rate and pressure, checked out the reactor power, tested the monitoring
system performance and hydrodynamic characteristics of the circuits, and adjusted the flow rates in indi-
vidual channels [5]. To check out the individual start-up stages (formation of levels in bubblers, separa-
tors, and evaporators; purging of secondary-circuit steam lines, flow rate distribution in the evaporation
| channels under boiling conditions, equipment performance, adjustment of automatic controllers), the reac-
‘ tor of the first unit was put into operation in late January 1964. with the evaporation channels only (726

channels). The steam superheating channels were fitted with devices simulating hydraulic resistance of the
channels, The obtained results confirmed the design studies [6].

At the present time the units are started in the following order. For starting the first unit, the cir=-
cuits are filled with.deaerated water, water circulation is established, air is removed, the pressures in
the first and second circuits are raised to about 100 and 30 abs. atm respectively.

The equipment is heated up at about 10-14% of reactor capacity. The average heat-up rate (according
to water temperature in the separators) is maintained at about 30°C/h on the basis of experience gained
with operation of barrel-type boilers, even if the reactor equipment allows considerably higher heat-up
rates. '

No heat removal is provided as long as the coolant temperature at the reactor outlet does not exceed
160°C. At 160°C a water level forms in the bubbler after which the excess heat is removed into the turbine
| condenser. The heat-up ends when the water temperature at the steam superheating channel outlet reaches
about 230°C. The overall heat-up time is about 9 h, '

The next step is to purge the steam superheating channels of water. The transient process in the se-
condary circuit takes place while constant pressure is maintained in the primary circuit and the evaporator
channels are cooled without boiling. For purging the steam superheating channels the reactor power is
rapidly reduced to ~2% of nominal and the flow rate of feed water is reduced so that a level forms in the
evaporators. The steam-and-water mixture from evaporators and steam from the steam channel are led

into the bubbler and then to the deaerator and turbine condenser.,
|
|

The steam superheating channels are purged after a level forms in the evaporators. The purging pro-
cess is monitored on the basis of the pressure drop between the distribution and outlet headers and the cool-
ant temperature at the outlet of each steam superheating channel. To speed up purging of all steam super-
heating channels, gate valves in front of the bubbler are partially opened for 1-2 min and the pressure in -
the circuit is made to drop faster, this results in an additional discharge of steam. The rate of pressure
drop is chosen to conform with the allowed temperature conditions of the steam generator and is about 1.5
atm/min. The time of level formation in the evaporators is 8-10 min, and that of steam superheating chan-
nel purging 6-10 min. After purging, the pressure and temperature of steam superheating are raised by
partially opening the gate valves.in front of the bubbler and by increasing the reactor power.

Two hours after the steam superheating'channel's' are purged and when the reactor operates at about 10%
capacity, the steam lines and turbine are heated and the turbine is prepared to be connected to the power
line. Further increase of power takes place with the turbine connected to the line.

l When the reactor power reaches ~35% and the steam pressure ~60 abs, atm, the primary circuit is
" transferred to boiling conditions and separator levels are formed, The operating conditions of the main cir-
culating pumps are continuously monitored during the transient process, and a temperature niargin of at
, least 5-6°C before boiling is maintained at the intake pipes of the main circulating pumps. Level formation
in the separators is accompanied by a gradual change of pressure. . The actual rates of pressure change are
slightly lower than the calculated ones. The time till the controlled level is reached in the separators is
about 3 h and depends only on the throughput of separator bleed lines. The specific features of a single-circuit
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Fig. 2. Variation of basic param‘eters in the course of start-up of the
second unit of the Beloyarsk Nuclear Power Plant: 1) turbogenerator
power; 2) reactor power; 3) steam-~line pressure; 4) coolant (water or

steam) temperature at the steam superheating channel outlet; 5) feed-
water temperature,

diagram make the sequence of start-up operations of the second unit somewhat different, Purging of the

steam superheating channels and transition to boiling conditions in the evaporation channels take place si-~*
multaneously. -

Filling of the circuits and equipment heat-up is the same as in the first unit. The final heat-up para-
meters are higher and amount to ~90 abs. atm and ~290°C. Two main c1rcu1at10n pumps are used to drive
the coolant in the evaporation section of the cireuit.

After heat-up the reactor power is reduced to 2-3% of nominal and purging of the steam superheating
channels and transition to boiling conditions in the evaporation channels take place.

To form levels in the separators, the flow rate of feed water is considerably reduced, water is purged
out of the separators, and the flow rate to bubblers is increased. Asa result the water in separators and
fuel channels boils causing the steam superheating channels to be purged of water and steam-and-water mix-

ture. The purging operation is monitored as in the first unit. Both the main circulation pumps and the se-
parator levels are monitored. ‘

After purging of the steam superheating channels is completed, the reactor power is increased and -
steam flow into the bubbler is reduced while the rate of temperature rise of superheated steam is kept at
about 1°C/min and the pressure drop between the steam headers at least 0.5-0.6 kg/cm?.

The automatic level control system is put into operation as soon as the water in separators reaches
the rated level,

The subsequent increase of reactor power, turbine preparation, and connection of the turbine to the
line are the same as in the first unit,

Variation of the basic parameters in the start-up of the second unit is shown in Fig. 2.

In April 1964, 918 evaporation channels including 192 channels designed for superheated steam opera-
tion at 400-420°C were loaded into the reactor of the first unit. Because of reduced temperature, the steam
pressure was ~0.1 abs. atm in the turbine condenser and 70 abs. atm at the input to the turbine.

l
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Fig. 3. Graph showing the loading of the first and second units of the Beloyarsk Nucle-
ar Power Plant in 1969 and 1970.

The number of evaporation channels operating with superheated steam was increased in proportion to
reactor power. The attained electrical power was ~75 MW with the evaporation circuit operating at full
rated power, :

The steam superheatmg channels were operated at full rated steam parameters in August 1967 and the
electrical power was raised to 100 MW."

From start-up till July 1970 the first unit produced a total of 2.95 billion kWh of electric energy [7].

The second unit of the Beloyarsk Nuclear Power Plant was put into operation in late 1967 with an in-
complete load of fuel channels, In November 1967, 453 evaporation channels and 138 steam superheating
channels were loaded into the reactor, the superheated steam temperature reaching ~480°C. After the
unit was started, fuel channels were added gradually in proportion to uranium burn-up until the full design
number (732 evaporation and 266 steam superheating channels) was attained. This resulted in an increase
of reactor power and steam temperature, With the reactor fully loaded a power .output of 194 MW (el,) was
attained in late 1967, the steam temperature being 515-520°C at the turbine input, Some of the steam super-
heating channels had an outlet temperature of 540-545°C [7]. '

Up to July 1, 1970 the second unit produced a total of 2.63 billion kWh of electric energy. The total
power produced by the Beloyarsk Nuclear Power Plant up to July 1, 1970 was 5.58 billion kWh.

A large number of shutdowns during the initial period of operation of the first unit was caused by false
operation of the safety system as a result of electrical circuit failures. In the course of operation we found
it advisable to eliminate the emergency signals produced by fluctuation of coolant flow rate in the evaporation
channels. This did not affect the reactor reliability while simplifying its operation. As more and more ex-
perience wag gained in reactor operation other mass-flow control signals were removed from the safety
system.

The permissible reactor power is essentially affected by the degree of uniformity of the radial distri-
bution of energy-release fields in the core. Analysis of channel operation proved that the energy-release
distribution along the core height is of secondary importance and that the thermal operating conditions of
fuel elements change little as the nonuniformity ratio K, varies between 1.4 and 1.5.

In the course of operation we have devised methods of measuring the energy-release fields with the
aid of control rods, vy chambers, and charge sensors; the accuracy of measurements was also improved [8].

The actual radial and longitudinal energy-release fields in the core are close to the calculated ones, /
The radial field is in a great measure equalized by the control-system rods and by placing evaporation chan-
nels with richer uranium around the core periphery. Thus, the nonuniformity ratlo of energy release from’
‘the evaporation channels was reduced to 1,21~1.23 in the second unit,
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TABLE 1. Some Results of Operation of the Belo-
yarsk Nuclear Power Plant in 1969 and 1970

1 First unit |Second unit
. U Q'
D o = =
escription = % ol = 3,
= [l g = (=1 g
Dl = O -
Number of scheduled maintenace
shutdowns 17 6 8 5
Shutdown duration, h 1024 |5331 {576 |444
Number of other shutdowns 3 3 8 2
Duration, h 788 1238 1257 101
Time utilization factor, % 79,3 82,3| 89,6 92.4
Power utilization factor, % 75,4] 80,7| 68,5 76,2

Good stability of radial energy-release fields
and stable hydrodynamic characteristics of both the
evaporation and the steam superheating sections
made it possible to replace the individual flow rate
control system by group control with the aid of
throttling devices at the channel inlet.

Most representative of the performance of
the Beloyarsk Nuclear Power Plant are the results
obtained during 1969 and the first half of 1970, The
graph in Fig. 3 shows loading of both units in the
above-mentioned period; the number of shutdowns
and their duration are listed in Table 1,

Scheduled maintenance shutdowns of the units
were utilized for rearrangement and reloading of
fuel channels in the reactor, extraction of faulty
fuel channels, pressurizing the channels, calibra-

tion of flow rétes, etc. The channel can be, as a rule, extracted from the reactor without any difficulties
with an applied force of 300-500 kg; extraction of two-three channels takes 20-25 h including the time for
shutdown and cooling of the unit and for returning it to full power.

The next step in the improvement and development of channel-type power reactors with tubular fuel
elements are reactors with supercritical steam parameters. The experience gained in prolonged operation

of the Beloyarsk Nuclear Power Plant confirmed the feasibility of steam superheating in the reactor and the
possibility of operating the channels and fuel elements at high temperatures (t = 540°C, tf e, = 630°C).

formed a basis for the design of a reactor with supercritical steam parameters.

Transition to supercritical parameters with intermediate steam superheatmg allows a considerable
gain in plant efficiency without affecting its main positive qualities: radiation safety, maneuverablhty, and
Moreover, supercritical steam parameters make it possible to
increase the energy intensity of the reactor core, and to reduce the metal capacity of the reactor and of the
power plant as a whole and thus reduce the cost of an installed kilowatt,

the use of commercial power equipment.

In the design of such a reactor, the steam parameters and thermal power are based on the operation

of the reactor with two K-500-240 turbines.

second Beloyarsk unit,

Thermal loading of the fuel elements and their geometry were
designed to provide thermal operating conditions similar to those of the steam superheating channels of the

' The nuclear power unit with reactors designed to operate with supercritical steam parameters (see
Fig. lc) is a single-circuit design with prehmmary steam superheating in an external intermediate super-

heater. Since the steam is superheated twice in the reactor all fuel channels are divided in accordance with

their purpose into three groups and are connected in series along the coolant path., Feed water flowing into

- the reactor after passing through high-pressure regenerative preheaters is heated in the preheater channels
to 400°C and through the outlet and distribution headers passes into the primary superheating channels where

it is heated to 560°C. Superheated steam from the primary superheating channels is directed to the inter-
mediate superheater where it transfers its heat to the steam used-up in the high~pressure cylinder of the

turbine. After passing through the intermediate superheater, the coolant flows into the mixer which serves
also as a superheating regulator and then through the distributing header to the secondary superheating chan-

nels, From the secondary superheating channels, steam heated to 540°C is directed to the turbine.

The heat flow diagram with intermediate mixing allows a more uniform distribution of the increase of
heat content in the primary- and secondary-superheating channels and enables independent regulation of su-
perheated steam temperature at the steam superheating channel outlet by varying the flow rate of feed water

into the preheating channels and mixer.

Supercritical coolant parameters make it possible to eliminate the multiple circulation loops with
steam separators and circulation pumps, but require a pressure of at least 240 abs. atm to be maintained
in the reactor in all start-up, transient, and operating conditions of the unit, Reduction of pressure below
critical can cause flow pulsation in individual channel branches and result in fuel element burn-out, in par-
ticular with low volumetric flow rates and relatively high heat flows in the channels. This applies to all
three groups of fuel channels.
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In developing the start-up scheme we have taken into account the experience gained in power plants
with supercritical steam parameters operating with organic fuel, After considering all sorts of start-up
schemes, we have chosen a scheme with an external start-up separator and an ROU* system by means of
which the pressure in the circuit is maintained within allowable limits (not below 240 abs. atm).

During coolant and equipment heat-up the coolant flow rate through all fuel channels is set to 25-30%
of nominal, Calculations indicate that such a flow rate ensures reliable nonpulsating channel cooling in the
entire range of reactor heat-up temperature upto the moment the operating parameters are reached.

After the reactor the coolant is throttled and flows into the start-up separator. From the separator,
the steam at a pressure of about 20 abs. atm is directed to the intermediate superheater and then through
the ROU into the turbine condenser. Some of the steam can flow into the low-pressure preheaters, to the
feed-water deaerators, and high-pressure preheaters, and this speeds up the equipment heat-up and re-
duces heat loss during the start-up period.

From the start-up separator water flows into the deaerator vessels whichimprovesdeaeration of feed
water during start-up,

When the heat content of the coolant at the reactor outlet exceeds the heat content of steam in the sa-
turation lines at 20 abs. atm, the steamisdirectedtoa BROUT whence it enters the intermediate superheater
and the regenerative preheaters.

Preheating of steam lines leading to the turbine takes place during this period. The turbine starts
when the temperature at the reactor outlet reaches 540°C,

Steam temperature at the secondary-superheating channels is maintained within allowable limits by
appropriate flow rate of feed water to the mixer. The temperature at the primary-superheating channels
outlet increases with increasing reactor power. At the same time, all the steam from BROU is gradually
transferred to the turbine,

Preliminary superheating takes place in the intermediate superheater by means of steam coming from
the primary-superheating channels so that the intermediate-superheater temperature rises with increasing
reactor power. Thus, the turbogenerator and the entire plant equipment is in operation when the reactor
power reaches ~ 30% of nominal.

Underheating of steam in the intermediate superheater during start-up canbe tolerated as the load on
the turbine is slight during this period and an increased amount of moisture content in steam in the last tur-
bine stages is allowable.

An electric pump with a capacity df about 30%, used for start-up and as a stand-by, operates during
equipment heat-up till superheated steam is obtained at the reactor outlet. The turbopump, fed by steam
from the ROU at ~16 abs. atm, takes over as soon as superheated steam is available at the reactor outlet.

This start-up scheme allows the start-up equipment to be used also for reactor cooling and shutdown.
The sequence is then reversed, the operation is transferred from the turbine to the BROU, and then as the
power is reduced, to the ROU and the start-up separator. The circuit heat is carried off to the turbine con-
densers; the steam flows into these condensers from the ROU or, in the case of deeper cooling, from the
deaerators.

As during heat-up, pressure in the reactor circuit in the course of cooling is maintained at 240 abs.
atm and can be reduced only when the temperature at the reactor outlet is lower than the saturation tempera-
ture at the given pressures. During cobling, the flow rate of feed water is maintained at 30% of nominal
capacity of feed pumps, : '

In case of load dump, BROU is automatically connected and steam flows to the feed~pumps drive tur-
\ bine not from the intermediate-pressure cylinder but from the steam discharge line after the BROU. The
| reactor feed is thus practically uninterrupted in the case of a load dump.

From the above follows that the start-up and apparently also continuous operation of nuclear power
stations with supercritical steam parameters will differ only slightly from the start-up and operation of the
Beloyarsk Plant and conventional thermal plants with supercritical parameters.

*ROU — Pressure reducing and cooling unit.
+BROU - Rapid reduction and cooling unit.
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On the basis of the experience gained in the design, construction, and operation of the Beloyarsk Nu-
clear Power Plant with a channel-type, uranium — graphite power reactor with tubular fuel elements and
nuclear steam superheating one can draw the following conclusions:

1. The problem of nuclear steam superheating and the use in nuclear power engineering of regular
industrial turbines as well as conventional thermomechanical and electrical equipment has been positively
solved.

2, A technique was devised for independent reactor start-up in about 12 h with minimum special-
purpose equipment,

3. Gross efficiencies obtained at the Beloyarsk Plant are 36.9% in the first unit and 37.8% in the sec~
ond unit.

4. The cost of electric energy planned for 1970 is 1,188 kopecks per kWh (the design cost was 1.230
kopecks per kWh),

5, Single-circuit channel-type uranium — graphlte reactors are advanced constructions from an en-
gineering pomt of view,

6. Because of the use of tubular fuel elements with single~sided heat removal such reactors are high-
ly radiation safe both with respect to the operating staff and to the population living in the area.

- 7. The feasibility of using special-purpose fuel channels (for example for steam generation and super-
heating) open up possibilities for the design of highly efficient, high-power nuclear plants with subcritical, .
and in particular with supercritical parameters, nuclear steam superheating, and a unit capacity up to 2
million kW, that are convenient in operation and economical in capital expenditure,
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RADIATION SAFETY IN THE DESIGN AND OPERATION OF
CHANNEL POWER REACTORS

A. P, Veselkin, N. V. Beskrestnov, . ‘ UDC 621.039.58:621.039.539.538.7
V. P. Sklyarov, Yu. E. Khandamirov,
and A. I, Yashnikov

The successful development .of nuclear power is due not only to the fact that atomic power plants, even
in their present stage of development, compete economically with ordinary thermal installations, but also
that operating experience has shown that atomic power plants do not produce any essential alteration of the
radiation environment in their vieinity [1, 2], Operating experience with Soviet atomic power plants using
graphite-moderated channel type reactors cooled with ordinary water [3, 4] permits the analysis of certain
aspects of radiation safety assumed during their development [5]. The analysis presented below is based

. on operational and research data obtained at the I. V., Kurchatov Beloyarsk Atomic Power Station (BAPS).

Shielding against Reactor Radiation

The standard practice in the USSR of placing the reactor and main equipment in a concrete building
in a strictly controlled zone is economical and ensures the normal and safe operation of the atomic power
station. At an atomic power station with channel reactors the side shield (the concrete reactor pit) is gen-
erally one of the main structural elements of the building, An annular water tank serves as part side
shield and part support structure. The water tank lowers the radiation flux on the concrete and decreases
the temperature of the reactor vessel, This permits the use of ordinary structural concrete for shielding
and low-melting-point steel for the vessel. Present atomic power station désign, based on experiment,

‘tends toward the wide use of load bearing box-like metal structures with spaces for holding shielding ma-

terials such as rock, minerals, ore, and sand [6-8] which are relatively inexpensive, convenient to place,
and have good shielding properties, This reduces the shielding volume and the over-all dimensions of the
reactor building.

In order to provide access to the channels from above, the shield over the top of the reactor is or-
dinarily made in sections. It is not only a shield against core radiation and capture y-rays from shielding
materials and coolant, but also serves as the floor of the reactor room. In designing the top shield parti-
cular attention must be paid to inhomogeneities such as gaps, channels, slits, connections, etc., and to ra-
diation streaming, All of these make significant contributions to the total dose rate above the reactor.

Alongside the reactor pit are rooms (boxes) containing technological equipment and coolant loop facil~
ities. Until recently the shielding of these rooms against reactor radiation has been designed to ensure a
certain dose. Operating experience at atomic power stations of the channel type has shown that the total

TABLE 1. Activity of Coolant in Second Unit, Ci/kg

Sampling location Cob0 Znss Mnsa Crsl
Separator scavenging water (1—3)10-7 (4-—8)-10-7 | (0,4—3)-10-8 0,3~ 3)-10-7
Saturated steam of separator (0,5 —1,5)-10-¢ (1-—3)-10-8 | (0,3 — 5)-10-® 0,9—2)-10-8
Live steam (0,2 —2).10-8 0,1 —1)-10-8 | (0,1 -—5).10- (0,2 — 5).10-8

Steam condensate beyond turbine| (0,3 — 5)-10-9 (0,4 — 3)-10-° 0,2 ~-1,5).10-9 | (0,5 6)-10-9

Translated from Atomnaya ﬁnergiya, Vol, '30,‘ No. 2, pp. 144~149, February, 1971.

© 1971 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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Fig. 1. Activity of deposits A on inlet piping of evaporative loop of first BAPS unit as a func-
tion of operating time t: A) Co%; m) Co%; @) Mn®%; +) Crdl, .

<
")
S

Fig. 2. Relative change in after-shutdown dose rate close to equipment of evaporative loop as
a function of operating time: @) first BAPS units; O) second BAPS unit.

after-shutdown dose rate in rooms with power equipment is determined by the radiation from radioactive
corrosion products deposited on the inner surfaces of the coolant circuit. Noting that shielding costs are |
at least 30%, and labor not less than 40% of the total construction cost of an atomic power station [9], it is |
expedient to base the shield thickness of the rooms containing the coolant loop equipment on the dose rate
produced by the radiation from radioactive corrosion products.

In the last few years there has been a tendency to do away with the side water tanks in order to lower:
operating expenses. Instead of water the tanks can be filled with rocks and minerals which retain their was
ter of crystallization at high temperatures [10, 11], or with radiation- and heat-resi

Coolant Activity, Radiation Environment, and Emissions at an '

Atomic Power Plant

One of the most important aspects of radiation safety in an atomic power plant is the contamination of
the environment by radioactive emissions both during normal operation and in case of an accident. The
main sources of radioactivity of the coolant are its own activity, the activity of corrosion products and ad~,
mixtures, and the activity due to the entrance of fission products into the coolant. We discuss these com-
ponent activities on the basis of operating experience with the channel reactors of the Beloyarsk Atomic

Power Station (BAPS)

It is well known [5] that the BAPS consists of two units developing 100 and 200 MW of electric power.
It is the first experimental-industrial nuclear power plant using nuclear superheated steam. The main dif
ference between the two BAPS units is in their thermal systems; the first unit has a two-loop system and l
the second a single loop. In view of the relatively small amount of coolant and its short residence time in
the core, the amount of self activity of the coolant in these reactors is intrinsically smaller than in boiling=~
water reactors of the pressure vessel type, and-consequently the radiation environment close to equipment
such as the turbine is more favorable. For this same reason the rate of formation of radiolytic gases is '
lower, and this decreases the corrosiveness of the steam going to the turbine and regenerative heaters and
also decreases the amount of uncondensed gases exhausted by the turbine ejector pumps, The activity of |
the exhaust gases is determined by N, The amounts of N produced per unit of thermal power developed,
in the first and second BAPS units are respectively 200 and 10 times smaller than in a pressure vessel type
boiling-water reactor at Garigliano [14]. It is noted also that the rate of production of radiolytic gases in .'
the BAPS.reactor- is only a fifth as large as in a pressure vessel boiling-water reactor of the same power
The yield of radiolytic oxygen in the second BAPS unit is 0.25 + 0.05 molecules per 100 eV of radiation ab-
sorbed by the coolant, :

An important factor in the operation of an atomic power plant with a single-loop system for steam
generation is the radiation level near the turbine. During operation the intensity of y-radiation is relatively
low near both BAPS turbines operating with steam superheated in the reactors. The dose rates measured ,
near the high pressure cylinders at nominal power are respectively 1-2. 5 and 4-10 uR/sec for the first and
second units, and near the low pressure cylinders 0.3-2 and 3-8 uR/sec. Asis well known the BAPS uses
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Fig. 3. Gamma-spectrum from radioactive deposits on regenerative heater of the second
BAPS unit measured with a Ge(Li) detector.

Fig. 4. Specific activity of Co® deposits on turbine blades after 160 (A) and 460 (A) ef-
fective days of operation of first BAPS unit.

standard type VK-100-6 turbines without intermediate reheaters and steam separators [15]. No shielding
is provided against radiation from the turbines. :

Operational experience with power reactors in various countries has shown that the radioactivity of .
corrosion products deposited on the surfaces of eqiupment and piping does not represent a danger in the full
sense of the word but it is the main source of radiation to station personnel performing routine preventive
maintenance and determines the total radiation dose received by power plant personnel {16], The problems
of corrosion activity at the BAPS have been dealt with repeatedly in the press [17-19] and therefore we pre-
sent only the most interesting results,

- The coolant in the first BAPS unit is relatively free of long-lived radioactive corrosion products. The
primary loop contains up to 1078 Ci/kg and the secondary loop up to 107° Ci/kg. Table 1 shows the activity
due to long-lived isotopes in the coolant of the second unit at various sampling locations. The coolant acti-
vity in the first and second units differ both in composition and in magnitude because of the difference in
coolant loops and because of the higher oxygen content of the steam — water mixture and the steam in the sec~
ond unit. It should be emphasized that the low activity of live steam shows the possibility of using a power
plant of this type for central heating without an intermediate loop. '

Thus the activity, even in live steam of the second BAPS unit, of isotopes whose concentrations in
water are regulated by the "Health rules™ [20] is no more than twenty times the maximum permissible con-
centration in water of open reservoirs and water works,

Figure 1 shows data on the activity of deposits at one of the typical locations in the evaporative vloop
(at the reactor inlet) of the first BAPS unit, and Fig. 2 shows the relative change in dose rate close to equip- .
ment of the evaporative loops of the first and second units as a function of operating time.

A typical y-spectrum from radioactive deposits on the regenerative heater of the second BAPS unit
is shown in Fig. 3. ' ‘

Figure 4 shows the distribution of Co® activity on the turbine blades of the first unit as a function of
operating time, and Fig. 5 shows the distribution of Cr®! and Zn® activities on a turbine of the second unit.

The dose rate close to primary loop equipment of the first BAPS unit, measured at shutdown after
1180 effective days of operation, was 2-200 pR/sec; near the secondary loop equipment it was 0.1-2.2 ¢R
/sec. The dose rate near equipment of the circulating part of the loop of the second BAPS unit at shutdown
after 530 effective days of operation was 2-100 uR/sec, and near equipment of the condenser feed circuit
it was 0.6-20 uR/sec. In spite of the fact that the BAPS fuel elements are clad with stainless steel, the
radiation level close to the primary loop equipment of the first unit is somewhat lower than at a power sta-
tion with pressurized water reactors (for identical effective operating times).
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Fig. 5. Distribution of Cr®! ) and Zn® (+) activities on blades of turbine No. 2 of
second BAPS unit after 294 effective days of operation,

Fig. 6. Relative change in dose rates close to equipment of steam condensing and
feed circuits of the second BAPS units filled (O) and not filled (@) with water from
the evaporative part of the loop in startup and cooling procedures.

Operating experience with the first BAPS unit has shown that the radiation dose rates near the secon-
dary loop equipment, including the turbine, while maintenance work is going on practically do not limit the -
servicing time, i.e., the technological scheme of the first unit is very successful from the point of view of
ensuring radiation safety and for providing for the servicing of the steam condensing circuit,

It has been established that filling parts of the steam condensing and feed circuits of the second unit
with water from the evaporative part of the loop for cooling and startup operations leads to a significant in-
crease in the activity of the corrosion deposits on inner surfaces (Fig. 6). ‘

One of the main features of the I. V. Kurchatov BAPS reactors which has been noted frequently [21] is
the tubular construction of the fuel elements with cooling from one side, eliminating contamination of the
coolant by fission products for practically any damage to the fuel channels. This eliminates the escape of
fission products into the loop, to the turbine, and into the atomosphere with the exhaust gases.

Still another important advantage of channel reactors should be noted — the possibility of detecting a
ruptured fuel element in time and rapidly replacing'a dangerous channel. In principle this can be accom-
plished even on an operating reactor. These operations are very difficult in reactors with pressure shells !
and generally require a lengthy shutdown of the power plant.

To localize the effects of accidents in atomic power plants with reactors of the pressure vessel type,
particularly accidents involving the rupture of a loop and the escape of fission products, the reactor and
coolant loop equipment are sometimes enclosed in a containment vessel, Arranging a containment vessel
around a large power reactor and all the equipment and facilities for a single-loop atomic power plant, is
a rather complicated problem whose solution requires using more materials., In this sense channel reac-
tors, particularly those with tubular fuel elements, do not have to be 'placed with equipment in a special
containment vessel since fission products are contained not only by the fuel element tubes but also by the
reactor vessel around which there can be a second shell forming a water tank, and by metal structures.

Two types of channel accidents are possible with the BAPS tubular fuel elements — "dry" and "wet",
In a "dry" accident only the outer cover of the fuel element is ruptured. In this case mainly radioactive
noble gases (RNG) enter the gaps in the graphite reactor stack which are filled with pure nitrogen at a gauge
pressure of 5-20 mm of water, In a "wet" accident the inner tube of the fuel element is ruptured and the
coolant enters the graphite stack where some of it is vaporized. The steam — gas mixture is withdrawn into
a system of accident localization gas containers where the steam is condensed and the RNG are held for 24
hours and purged of radioactive aerosols by thin-fibered and carbon filters. Extensive operational data on
the two BAPS units show that under normal operating conditions the direct ejection of RNG into the atmos-~
phere is 20-80 Ci/day for the first unit and 15-60 Ci/day for the second. Rupture of a fuel element increased
the escape to 150~200 Ci/day, with no value as large as 400 Ci/day. Thus the total activity of RNG escaping
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from both units is below the health norms by a factor of 25-100. The escape of radioactive aerosols is due
mainly to corrosion products and amounts to 1073-107% Ci/day. The exhausts from the turbine ejector
pumps do not contain RNG. Their activity is determined mainly by N and therefore they are vented into
the atmosphere without holding or special scrubbing.

\ A consideration of maximum possible accidents such as the rupture of the main pipelines on channel
type reactors with tubular fuel elements shows that the scram system and the emergency cooling system
can prevent massive melting of fuel elements and the growth of the accident, due largely to the thermal
capacity of the graphite stack. In addition, because of the high thermal conductivity of graphite and the
| channel construction, the heat from the damaged channel is transferred to the graphite and carried off by
" adjacent channels. The existing control system enables the damaged channel to be detected and replaced
‘ in time. All this helps to prevent the escape of fission products in an accident from becoming a serious
danger.

Operating experience with channel power reactors in the USSR has confirmed the validity of this ap-
proach to the solution of radiation safety problems and of the principles underlying the design of reactors
of this type.

One of the main advantages of these reactors over pressure vessel reactors is the possibility of de-
tecting a ruptured fuel element in time and replacing it quickly without shutting down the power plant. The
use of tubular fuel elements in a channel reactor prevents the entrance of fission fragments into the coolant
loop and localizes the fission fragment activity from a ruptured fuel element in a gas at low pressure.

In this sense the operating experience at the I. V. Kurchatov BAPS offers convincing proof that the
population and the servicing personnel are not endangered by radiation from reactors of this type, and in-
dicates the possibility of constructing such power stations near large cities and using them for central heat-
ing.
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CONSTRUCTION OF URANIUM - GRAPHITE CHANNEL-TYPE
REACTORS WITH TUBULAR FUEL ELEMENTS AND
NUCLEAR-SUPERHEATED STEAM

N. A. Dollezhal', P. I. Aleshchenkov, UDC 621.039.52
Yu. V. Bulankov, and G. D. Knyazeva

On June 27, 1954, at the Obninsk atomic power station, electric current was generated from the en-
ergy of fission of the atomic nucleus for the first time in the world in a uranium —graphite reactor of the
channel type with tubular fuel elements.

In designing the first-ever atomic power station, we were faced with a problem: the constructlon of a
reliable industrial power station and the creation of a basis for training personnel.

The reactor of the "First Atomic Power Station in the World," using thermal neutrons with a graphite
moderator and high-pressure water as a heat-transfer medium, has a thermal power of 30 MW. It uses a
two-circuit heat system: water in the first circuit, circulating through the fuel channels under a pressure
of 100 atm, transfers heat in a steam generator to the water in the second circuit, which is vaporized and
drives a turbogenerator with a power of 5 MW,

After one year's operation of the " First Atomic Power Station in the World," conditions were laid
down for the further development of nuciear power production in the USSR.

The drive to make cheaper atomic power station equipment led to the creation of reactors with nuclear
steam superheating and a new type of design solution for the thermal circuit, originally two-circuit with
superheating of steam in the second circuit [first block of Beloyarsk I. V. Kurchatov atomic power station
(BAES), 100 MW (el.)], and later single-circuit [second block of BAES, 200 MW (el.)]. In both BAES blocks
there were production-line turbines working at 90 atm and 500-535°C. A further development of these sys-
tems is a single-flow circuit with a supercritical reactor (power 800-1000 MW (el.)) with production-line
turbines working at 240 atm and 540°C [1-3]. ' :

TABLE 1. Some Characteristics of the Fuel Channels

ch L First block of BAES Second block of BAES Planned
_ aracteristic EC SHC Ec | sHC CPH citu | cen

Dimensions of interior tube of fuel 9,4x0,6 12x 0,6 12x0,6 | 12x0,6 11x0,8 11x0,8 12x0,8

element, mm
Dimensions of fuel can, mm 1 20%x0,2 20%0,3 20x0,2 20%0,3 18x0,3 19x0,3 16x0,3
No. of fuel elements in channel 6 6 6 6 8 8 8
Dimensions of central tube of chan- 18x1 — 201 — — — —

nel, mm -
Maximum power of channel, kW 408 326 623 729 2660 1800 2130
Main parameters of channels (Pgy¢ 135 105 130 100 300 290 280

/ T gy atm/ deg C) 330 520 330 520 00 - 545 565
Weight of channel, kg 200 200 200 200 300 300 300

Translated from Atomnaya Energiya, Vol. 30, No. 2, pp. 149-155, February, 1971.

© 1971 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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Fig. 1. Longitudinal cross section of reactor of first or second block of BAES. 1)
Bottom plate; 2) graphite stacking; 3) corridor for servicing equipment; 4) steam sepa-
rator; 5) ducts; 6) top plate; 7) upper shuttering; 8) main ducts; 9) collector for super-
heated steam; 10) water shielding; 11) room for control rod drives.

Constructional Features of BAES Reactors

At present there are two reactors of the channel type in industrial service at BAES (one since 1964,
the other since 1967). They consist of the following main units (Fig. 1): evaporator and superheater chan-
nels (EC and SHC), graphite stacking (moderator and refiector), top and bottom plates, can, biological
shielding tank, upper shuttering, separator drums, and ducts for incoming and outgoing coolant to the
channels,

To superheat the steam to 500-520°C it was not only necessary to build channels in which boiling and :
superheating could take place, but also to make another approach to the construction of the graphite stack-
ing and the metal structures of the reactor. '

It was necessary to solve problems concerning compensation of temperature expansion between the
top and bottom plates, between the stacking vessel and the plates, between the channel riser pipes and the .
graphite stacking columns, between the graphite blocks, and so forth. In choosing the sizes of the gaps
between stacking columns account was taken of thermal expansion of the graphite blocks and swelling of

178

Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2



Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2

CPH, C1H, the graphite. Analysis of the above factors led to decisions
EC,SHC  SHC C2H on clearances in the manufacture of the graphite blocks, in
S22 m/y,g aza/@. ;%zz marking out the spacing between holes in the top and bottom

plates, etc.

The temperature of the graphite stacking depends
markedly on the gaps between a fuel element and the hole in
the graphite sleeve of the channel, and between the hole in
the block and the channel sleeve. The gap size itself depends
! directly on the precision of manufacture of the fuel elements,
sleeves, and blocks. The graphite stacking blocks were
made with tolerances of Class 3-4, which meant that the

- temperature of the exterior surfa,ce of a block did not exceed
750-800°C.

430

The Metal Parts of the Reactors. These consist of
.separate sections, convenient for production, transportation,
and installation.

Constructional decisions were checked experimentally
during the preliminary and detailed planning stages. The
following research was most important.

Fig. 2. Construction of fuel channels.
a) Reactor of first BAES block; b) re-
actor of second BAES block; ¢) reactor
with supercritical steam parameters
(project).

1) Experimental determination of the voltages in indi-
vidual units of the metal structures and the components of the
fuel channels, based on optical polarization in bnttle lacquer
and tensometry.

2) Checking that the channels will admit the gra.ph1te
columns in working conditions.

3) Checking the channels for stability.
4) Checking the efficiency of the channel compensators in working conditions, ete.

The designs of the reactors in the first and second blocks of the BAES were similar and of equal siie,
and differed essentially only in the arrangements of the EC and SHC. :

The graphite stacking was assembled on the bottom plate and consists of individual graphite blocks
200 X 200 mm in cross section, which when assembled form vertical columns with central holes for the
fuel channels (998) and channels with automatic control rods (6).

The channels for the manual control rods (78) and scram system (16) were located between the fuel chan-
nel blocks. ‘The drives to the control rods were located below the reactor.

The stacking is enclosed in a sealed vessel, welded directly to the bottom plate and, via a thermal
expansion compensator, to the top plate. The top and bottom plates are metal box-built structures with
an upper bearing plate 42 mm thick fixed by vertical ribs. The height of the top plate is 1.5 m, that of the
bottom plate 0.6 m. To the vertical ribs of the bottom plate is welded a plate forming the seal for the
water-filled cavity. To remove heat, within the plate below its top sheet is wound a coil through which
cooling water circulates.

Behind the stacking vessel is the lateral biological shielding, consisting of a water tank 1 m wide
and a concrete shield 3 m thick. The top plate rests on the water tank, and between its vertical pipes are
ducts for the incoming and outgoing coolant.

Circulating water to the EC and saturated steam to the SHC are collected from distributor heads on
either side of the reactor. Here we also find the collectors for the superheated steam.

On the pipes from the collectors are control valves and rotameter-type flowmeters. The pipes carry-
ing steam — water mixture to the separator and superheated steam to the collector are fitted with valves,
the pipes from the EC with surface resistance thermometers, and the pipes from the SHC with thermo-
couples.

179

Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2




Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2

16000
o, A ‘,0-0 150 .5-0' 15 91} /1_‘0_ 6, “’.5. -’.f, KN 06 B 00
i | 5 O =
A A | Soie - coojed aje oot lefe o o] se

o—
n—
b—
=0y
==y
Serm
L
=
=1
=]
B—
D——
b—
U—
=1
=]

Bﬂ&[lllllﬂjﬂ.ﬂ'[li[}ﬂ&ﬂ,ﬂ.ﬂjﬂ;ﬂ,

e TR I o LR .
o leefeffe AR IR ct el g . : 3
P w4 | T sl e e .0 - +
123 508 LI P2 3 21 1A P PXS D | WY R AL W A ||/ 50 . s
fskidsdadiATiTdrad ishdisiTivAs AR 7 T f‘ Lo 5
O N Ry I IO O oy G gy N O oy O oy I 0o N ~
=1 = = = = B ¢
I A HHER T = Lo vl
_]—_-_*_—J—_ HelzBalslal || I _— e e
U-LH A H A A HH A ] N4 ‘
0 O o 0y O B 1 = . >_J_?] .
(22 N .
Aiﬁ_—l_~_—[:—_—~—_‘7-_—_—~— | H .0, L
—l— HHHHHEH 3 HH H ) é;‘ v \ ‘e B
A A HA AR H A - o, ) N I '
I_______’___;____ L] \ v (=S P o
I N I Sy — -~ Y 3 .- . -
T oot P A
HWHHHAHHHHHHHHEH] 0 o o »// ,
' . i
pnEninS ey ey 1 A L0 i .
_—t; = = 4= 4= =1 = ] AN
0 o, !
gy T o R :
=== - ¢ o ¢ .

Fig. 3.
2) fuel channel; 3) room for safety control rod drives; 4) bottom plate; 5) pressure collector; 6) bio-
logical shielding tank; 7) vessel; 8) thermal screen of vessel; 9) graphite stacking; 10) pressure collec-
tors of first and second superheats; 11) collector for superheated steam; 12) top plate.

Longitudinal cross section of reactor with supercritical steam (projected): 1) top shuttering;

Damage to the external tubes of the fuel elements is monitored by activity of the gas. Gas is pumped
along the channel gap round the fuel elements by a specially-designed can sealing monitor system (CSMS). ,
With the aid of the same system, breakages of ducts are detected by means of the rise in pressure.

Construction of Channels. The EC of the first and second blocks were of similar design (Fig. 2); .
in external appearance they are cylinders, 75 mm in diameter, consisting of tubes, graphite sleeves, and ,
fuel elements. Coolant from the duct pipe passes through a junction manifold and a branch pipe to the up-
per channel head and down through the central tube to the shaft. From the shaft, through throttle disks
and tubular compensators which take up the different thermal expansions of the down and up tubes, coolant
flows up over the internal surface of the fuel element tubes. In the EC the water is heated to boiling and
partly evaporated. :

From the fuel elements the coolant flows through a large-diameter tube to the top channel head and -
then through a side tube and junction manifold through a pipe to the separator drum.

Table 1 lists the dimensions of the fuel elements.

The SHC used at present in the BAES is a design of six fuel elements and steel tubes in metal and
graphite sleeves forming a cylinder of 75 mm diameter.

Coolant passes through the inlet pipe at the head of the channel into three fall branches and through
a tail collector chamber to three rise branches and then into a collector chest, from which it passes through
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TABLE 2. Main Characteristics of Reactors

First block of | Second block of .
Characteristic BAES (730 EC, | BAES (732 EC, ;‘gﬁézﬁfg’b{)
268 SHC) 266 SHC) ’
Reactor power, MW (el.) 100 200 800-1000
Total metal content (top and bottom plates, vessel, 1800 1800 ~ 2000
biological shielding tank, etc.), tons . :
Weight of separator drums, tons 94 156 -
Weight of circulation loop, tons ' © 110 110 370
~ Weight of graphite stacking, tons 810 810 1200

annular gaps between the 35 X 2 mm and 17 x 2.5 mm tubes through a junction chamber and a 22 x 1.8 mm
tube into the top outlet branch. In the down branches of the SHC are tubular compensators which take up
the different thermal elongations of the up and down branches.

The successful operation of the BAES shows that the reactors in this station have potentialities for
increased power. ' ‘ '

Superhéating of the steam in the reactor permits the use of production-line steam turbines of good
characteristics, made in the USSR, for an atomic power station.

Construction of Reactor with Supercritical Steam Parameters (Plan)

A further development of uranjum —graphite reactors of the channel type is a reactor with super- .
critical coolant parameters, permitting the use of a single-flow circuit in which there is no separator
drum or circulation pump.

The distinguishing feature of the reactor with supercritical steam is the high electric power (up to
800-1000 MW) from an active zone (core) of practically the same size as those of the BAES reactors.

' )
The metal structures (Fig. 3) duplicate the design solution of the existing BAES reactors.

The reactor stacking, 7.5 m in height and 11.5 m in diameter, is made up of separate graphite blocks
of hexagonal shape with holes 110 mm in diameter. The thickness of the top, bottom, and side reflectors
is about 0.6 m. Above and below the columns of graphite blocks are cast-iron blocks. The height of the
core is 6 m and its diameter is 10.2 m.

The reactor has three groups of fuel channels — heating (CPH), first superheat (C1H), and second
superheat (C2H). The heating channels are in the center of the core, while the second-superheat channels
encircle them and the first-superheat channels are on the periphery. The channels are of identical con-
struction and differ only in the materials and dimensions of the fuel elements.

The fuel channel, shown in Fig. 2, consists of an input distribution chamber to which are welded four
down tubes with fuel elements. In the bottom part of the channel is a tailpiece with the down and up tubes-...
welded in.

The four up tubes with their fuel elements in the upper part of the channel are welded to the collector
chamber. The fuel elements are located in holes in the graphite sleeves. »

In the down tubes are coiled thermal expansion compensators. The channel is connected by welding
to the rise pipes of the top plate and to the inlet and outlet pipelines. ’

The sealing of the fuel cans and the integrality of the channel tubes are monitored by pumping nitro-
gen through special ducts in the channel and by pulse tubes in the control system with appropriate instru-
ments. :

The use of sectioned graphite sleeves in the fuel channels permits reduction in the gap between the
channel and the stacking blocks, improving heat output from the graphite and reducing the temperature of
the stacking.

The drives to the control rods are located below the bottom plate and biological shield. This facili-
tates servicing of the heads of the fuel channels during readjustment or replacement of spent channels.
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The use of a new design for the control rods and the arrangement of parts of the biological shielding
in the top and bottom plates reduces the length of the fuel channels and somewhat reduces the height of the
building,

Since the spacing of the fuel channels was increased, the size of the graphite stacking blocks was al-
so increased. The measuring instruments in the channels are inspected from a mobile.cabin.

Above the heads -of the fuel channels is a hinged or removable shuttering, which simplifies the process
of recharging the channels and permits inspection of the channelheads and of the inlet and outlet pipes dur-
ing routine maintenance. The shuttering is moved by a gantry crane in the central room.

The grouping of the main equipment of the reactor with supercritical steam, the separation of the
ingoing and outgoing piping, the position of the pressure and collector headers, and the arrangement of the
control and flowmeter systems differ advantageously from those in a reactor with ordinary high coolant
parameters, primarily owing to the elimination of the steam separator drums and the circulation pumps.

- Table 2 gives the main characteristics of the above reactors.

* ok Kk

v From an analysis of the above designs for uranium —graphite reactors of the channel type with tubular
fuel elements and either subcritical or supercritical steam, it follows that the scale of the metal structures
(top and bottom plates, stacking vessel, side shielding water tank, top shuttering, and graphite stacking)
does not depend on the coolant parameters; the thermal emission and the operating temperatures of the
metal structures do.-depend shghtly on the reactor power,

Unlike reactors of the vessel type or of the channel type with tubes under pressure -and rod-type fuel .
-elements, the use of tubular fuel elements permits construction of a smgle standard reactor design in
which the channels and steam — water pipes are changed.

Practically no special steels are required for the metal structures of the reactors; ordinary boiler-
making materials are quite adequate. The construction and assembly techniques are simpler than those of
steam boilers. '

The reactors can be built in a large number of medium-size factories.
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MANAGEMENT OF WATER AND CHEMICALS AT NUCLEAR POWER
STATION WITH CHANNEL TYPE REACTOR AND NUCLEAR
STEAM SUPERHEAT

O. T. Konovalova, T. I. Kosheleva, UDC 621.039.534.24
V. V. Gerasimov, L. S, Zhuravlev,
and G. A. Shchapov

The uram'um—graphife boiling-water reactor of the second power generating unit in the I. V. Kurcha-
tov Belyi Yar nuclear power station (BAES) operates on a single-loop thermal flowsheet. The steam gen-
eratedinthe reactor is sent directly to the turbines, and the steam condensate provides the main component
for the reactor feedwater.

The structural material of the basic reactor components and subsystems with which the coolant (wa-
ter and steam) comes into contact is 0Kh18N10T stainless steel. Channels and fuel-element cladding, as
well as the piping for the reactor circulation loop, are made of this stainless steel. The separator drum
and the piping for the live steam are made of pearlitic steel. ' '

The reactor operates with two standard VK-100 turbines. All the turbine components, as well as the
regenerative preheaters, are made from the standard materials commonly in use in the design of
turbomachinery. The vessel and the PVD fhigh-pressure steam] piping, the lines taking bled steam to the
preheaters, the vessels of the deaerators, condensers, PND [low-pressure steam] vessel, condensate
lines, and feedwater lines, are all made of pearlitic steels, The PND tube furnace is made of brass, and
the condenser tubing is made of MNZh-5-1 alloy. .

About 15% of the surfaces of the loop are made of -0Kh18N10T type steel, and about 25% of pearlitic
steels, while the remaining surfaces are made of brass and MNZh-5-1 alloy.

When different structural materials are used, with the presence of rather appreciable surface areas
of pearlitic steels, and with steam generated in a boiling-water reactor, water management conditions must
be arranged so as to minimize the rate of corrosive attack on the structural materials, and to minimize
deposits and crud on the surfaces of the fuel elements.

The basic difficultyin the way of attaining such optimum conditions stems from radiolysis of the water.
Water radiolytic processes -occur most intensively in boiling-water reactors, as has beenlearned. The
underlying reason is that molecular radiolysis products (oxygen, hydrogen) are removed with the steam
from the water before the reactions invelving recombination of the molecular radiolysis products and the
resulting radicals have time to go to completion. The limiting value of the hydrogen yield in radiolysis in
boiling-water reactors amounts to one molecule per 100 eV of absorbed energy. Such a yield of radiolytic
products of water can be expected only when the steam generated in the reactor is discharged at very high
rates, but this is not observed under real process conditions.,

Under real conditions, the yield of radiolytic products of water decomposition is much lower, since
partial recombination of the radiolysis products does occur at the actual steam flowspeeds observed. The
yield of radiolytic oxygen in the reactor of the second power unit of the BAES power station amounts to 10
N1/ MW -h, which corresponds to the oxygen concentration of 5-6 mg/kg in the saturated steam downstream
of the condenser.

Translated from Atomnaya Ifnergiya, Vol. 30, No. 2, pp. 155-158, February,-1971.

© 1971 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publzsher for $15.00. :
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TABLE 1. Quality Standards for Water and Steam in BAES Power Station Second Power Unit
during Operating Period .

Reactor Reactor | Saturated steam 3
Parameters standardized Feedwater | circulation| scavenging | and superheated Turbine
water water steam condensate -
Total hardness not higher than, pg-equiv/kg 3 15 - : - 3
Alkalinity (according to mixed indicator, ammonia . :
subtracted) not higher than ng - equiv/ kg - - 50 - -
Sodium (determined on a flame photometer) not
higher than, pg/kg - - - - 10
Silicic acid (Si03) not higher than, pg/kg 30 - 1000 20 -
Chlorides (C17) not higher than, pg/kg - 30* - - -
Iron oxides (Fe), not higher than, ug/kg - 60 - - -
Copper content (Cu) not higher than, g/ kg 5 - - - 5
Total content of corrosion products not higher than,
eg/kg - - 500 - 5
Oxygen content (O,), ug/kg 10 - - - 30
Oils content not higher than, pg/kg 300 - - - -
pH, not lower than - 8.0 - - -

,. In case of accident, chlorides content increase to 150 pg/ kg in circulation loop water allowable for 20 hours, for every
1000 hours reactor has been in operation.

No further increase in water radiolysis products is observed in the steam generating channels of the.
reactor of the BAES power station second power unit when nuclear steam superheat is in effect.

Gaseous radiolytic impurities in the coolant (oxygen, hydrogen) enter the turbine entrained in the
steam, and then proceed along with the bled steam into the regenerative preheaters, where they are re-
sponsible for aggravated corrosion of the steam — water passages.

Taking into account the special features of the corrosion behavior of the structural materials,. it is
found necessary to maintain weak ammoniated water conditions on the second power unit of BAES. These
conditions are characterized by maintenance of a weakly alkaline medium (pH = 8 to 9.5) in the coolant,
through the introduction of ammonia solutions, The maximum ammonia concentration is set by the allow-
able corrosion of the copper base alloys, at 2 mg/ kg.

Some misgivings arose in the design stage to the effect that such relatively low ammonia concentra-
tions, which are inadequate for suppressing radiolysis of water, might cause the formation of nitrite and
nitrate ions as complete decomposition took place in the radiation field, in combination with oxygen. This
might have the effect of driving the pH value below seven. As operating experience demonstrated, however,
the rate of formation of nitrates is very low, and these have generally no substantial effect on the pH of the
coolant.

Efforts to maintain the pH of the feedwater at the 8-9.5 level had beneficial effect on the pearlitic
steels. The condensate — feedwater passages, and the PVD above all, which are made entirely of pearlitic
steels, operate at temperatures not above 215-217C. The dissociation constant of ammonium hydroxide
(NH,OH) at temperatures of 150° and 200°C is still reasonably high (7.41-107% and 3.3 -107%, respectively),
so that the pH value at these temperatures differs negligibly from the room-temperature pH values. The '
2 mg/ kg ammonia content in the water thereby brings about a pH not lower than 9.0, at't = 150° to 200°C,

As mentioned earlier, the channels and fuel -element cladding in the BAES reactor (second power unft)
are made of stainless steel. In the evaporation channels, where the boiling takes place, real conditions for
concentration of chlorides are brought about, and when radiolytic oxygen is present at the same time this
may mean corrosion cracking of the stainless steel. As a consequence, the chlorides content in the reac-
tor circulation loop water is restricted by very stringent regulations.

Table 1 lists the operating norms for quality of coolant in the second power unit of the BAES power
station. .

In order to maintain the content of the salt impurities and corrosion products in the coolant within
tolerable limits, the second power unit of the BAES power station has provisions for cleanup of condensate,
and also for purging water from the reactor circulation loop. :
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TABLE 2. Actual Parameters of Coolant Quality for Second Power Unit of Belyi Yar
(BAES) Nuclear Power Station during Normal Operating Period

Reactor cir- Reactor
A culating acto Saturated |Superheated| Turbine
Parameters determined Feedwater . blowdown
(condensing) steam steam condensate
water
. |water |

Total hardness, jg- equiv/kg <3 <3 103 + gOO s : s ._15 3
Silicic acid (Si0}"), ug/kg - - = B - -
Chlorides (C1°), k 25 25 25 — - -
Gxygon. nd kg " 8/ke 1015 %0 30 | (5=6)103 | (5--6)-108 40—50
Ammonia, mg/kg 1=-2,5 | 06=1,4|06=14| 0822 | 0,8=2 12
pH value 92-+95 | 8+=9 9295 | 9-95 | 9:95 | 9295
Iron (Fe) oxides, 45 /kg 2060 2060 | 3060 2030 20—30 38
Copper (Cu), g ké. . — = 10-6 ' 10-7 :
Specific activity, Ci/liter - - - -

A mechanical washed-on filter is a sufficiently effective filter for removing corrosion products during
the startup period. Specially processed sawdust is used as the filter medium.

The measures taken to seal the turbine condensers against coolant leakage allow for bringing steam
traps into service periodically.

The design amount of blowdown for the reactor circulation loop amounts to 1.5% of the throughput.
But after startup and adjustment operations have been carried out in steady state, the amount of blowdown
was cut back to below 1%. This blowdown was controlled as a function of the chloride content in the water
of the reactor circulation loop. A method with a sensitivity of 1 ug/kg is being used at the present time
to measure the chloride concentration. The chloride content. in the water of the reactor circulation loop
under stationary operating conditions is not raised above the standard level (30 ug/kg), and is kept, on the
average, at the level of 15 to 13 pg/kg. The amount of continuous blowdown of the loop is set below 1%
throughput.

The blowdown water from the reactor in the second power unit is directed to a specialized water
treatment facility, where the blowdown water purged from the first and second power units of the BAES"
power station are processed simultaneously. The identical water conditions maintained in these two power
units justify the use of a single facility for treating the blowdown water stream.

with corrosion of the condensate — feedwater passages. Noncondensable gases are drawn off from the PVD
and PND vessels. The condensates from the heating steam of these condensers are sent in cascades to the
(PVD) deaerators and (PND) condensers, where they are deaerated to an oxygen content of 10 to 15 ug/ kg
in the watér. The oxygen content in the feedwater (downstream from the deaerator) is 10 to 15 ng/kg.

Experimental work on binding the radiolytic oxygen in the PVD heating steam by adding hydrazine
hydrate solutions to the steam paid off. In this case the oxygen content in the heating condensate amounted
to not more than .0.03 ug/kg. : .

As a result of all the measures taken with the object of maintaining an optimum set of water treat-
ment conditions, the quality of the coolant on stream at the second power unit of the BAES power station is
now characterized by the data appearing in Table 2.

Tables 1 and 2 show clearly that all the parameters of the water treatment process fall practically
within the standard range during the normal operating period.

Constant checks are carried out on the state of the surface of pearlitic steels in the second power
unit of the BAES power station. Inspection of different process equipment made of pearlitic steel made it
clear that equipment components experiencing service under the same conditions as at ordinary fossil-fuel
r power generating stations (deaerators, feedwater vessels and lines) behave in the same manner as their
| counterparts in the conventional power stations.

Careful deaeration of both the feedwater and the feedwater components is carried out in order to cope

Part of the equipment undergoing heavier duty because of the presence of radiolytic oxygen experi-
ences pitting corrosion to depths of 0.3 to 0.5 mm, in addition to the overall uniform corrosion.
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In view of the relatively short service life of the equipment, we cannot reach any definitive conclu-
sions on the prospects for widespread application of pearlitic steels in the fabrication of PVD equlpment
for boiling-water reactor power stations.

We can, however, draw the following inferences from our study.

1. Weakly alkaline water conditions brought about through metered introduction of ammonia in amounts
of up to 2 mg/liter, and bringing the pH level of the coolant to 9.5, have proved acceptable for structural
materials of the types used in the second power unit of the Belyi Yar nuclear power station (BAES).

2. Maximum sealing of the turbine condensers makes it possible to work with steam traps brought
into play periodically, .

3. Three years of operating experience with the second power unit of the BAES power station have
shown that no serious malfunctions occurred in process equipment made of pearlitic steels, during this
period. But because of the relatively short service life of the equipment, it would be premature to draw
any definitive conclusions as to the applicability of pearlitic steels for process equipment continually in
contact with coolant containing milligram concentrations of oxygen (specifically, the vessel and PVD ves-

"sel and piping).
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PREPARATION FOR STARTUP OF THE A-1 NUCLEAR
POWER STATION

E. Horvat - ‘ ~ UDC 621.311.2:621.03

An important problem in the construction of the first Czechoslovak nuclear electric power generating
station, the A-1 nuclear power station, consisted in comprehensive testing of the power station equipment
and introducing the power station to reliable service. The testing and startup period of the A-1 power sta-
tion proceeded in four distinct stages.

First Stage. This stage covered comprehensive testing of the process equipment, and was carried
out gradually, on separate operating complexes one at a time, The problem was to check out the equipment
in nonradioactive environments with the reactor filled with distilled ordinary water. The sets of equipment
were accepted by the purchasing plant after complex testing procedures in conformity with the report. The
testing program and the list of conditions under which the purchaser will accept the set of equipment are
stipulated in the report. The coordination part of the project includes a review of the interaction of operat-

~ ing sets of equipment in complex testing of the A-1 power station and its equipment.

Second Stage. Next followed the preparation for the physical startup and power startup. This stage
involved a conclusive checkout of the equipment and is characterized by the transition to active operations,.
e.g., to fueling of the core, checkout of the loops, etc. The principal operations planned for this stage
are: complete monitoring and inspection of leaktightness of the primary loop; checking out the loaded core
during short-term thermal tests; rechecking the functioning and quality of the process equipment.

Third Stage. The physical startup of the reactor occurs in this stage. The nuclear characteristics
of the reactor operated at minimum power, and with minimum hookup to the other equipment of the A-1
power station, are checked in this stage. During preparations for physical startup, a special program
was worked out for scheduling 19 experiments at the following parameters: zero reactor power output,
coolant pressure from 1 to 9 atm; air passed through the primary loop, followed by CO, in the later phases.

The physical startup program envisaged the following experiments: experiments on attainment of the
critical level of heavy water in the reactor completely loaded with fuel elements; calibration of control and
scram rods, and determination of the period over which the reactor is brought up from low power, as a
function of the moderator level; checkout of the automatic power control system; measurements of neutron
distributions, ‘

Since it takes 121 days to complete such an expanded program of experiments, the possibility of
shortening the physical startup time in some way was looked into. The outcome of this study was a so-
called basic startup program to back up the expanded startup program. Startup times in this program are
shortened substantially by including only those experiments which are of paramount importance for safe
and efficient operation of the reactor, and also by carrying out several of the experiments simultaneously.
The total time required to complete the physical startup according to the basic program is 31 days.

Fourth Stage. This stage covers the power startup of the reactor. A special program was also worked
out for this stage, and comprises the general principles of nuclear power station startup procedures en-
visaged in engineering plans, and flowing from the design solutions of the A-1 power station process equip-
ment.

Calculations of several stationary modes of operation of the A-1 power station were carried out on an
electronic computer, in order to work out particular testing procedures and power startup technological

Translated from Atomnaya Energiya, Vol. 30, No. 2, pp. 158-162, February, 1971.

© 1971 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.

187

Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2




@eclassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2

Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2

TABLE 1. Operating Modes during Power Startup

B i
Fuel Reactor ‘%‘emp era Elecmcal‘ Medium -pressure steam Low -pressure steam
element |thermal ture of CO, |power rating
Mode |cladding |power, out- | at reactor |of one tur- |flowrate, | pressure, [tempera -|flowrate, [ pressure, |tempera -
temp., °C|put, MW exit, °C bine, MW m/h atn |wre,°C m/h atm ture,’C
1 250 29 232 — 11,4 5,7 227 4,5 2,1 148
P 300 44 274 — 16,3 6,8 21 4,9 21 151
3 350 54 316 - 15,7 6,9 308 5,9 2,1 165
4 300 38 274 - 20,7 6,7 . 270 6,2 2,1 158
5 300 67 272 — 25,3 6,4 269 7,6 2,1 150
6 300 9N 21 5 24,5 15 269 19,8 2,1 174
7 350 150 311 6,5 46,2 16 306 23,8 2,1 172
8 350 213 308 11,6 65,3 15 308 31,6 2,1 171
9 385 250 337 15 79,6 16 328 34,3 21 11
10 400 265 350 22 87,0 15 338 32,8 2,1 169
11 400 408 346 35 120 23 335 65,4 2,1 181
12 450 488 386 45 148 28 374 68,6 2,1 184
13 | 450 403 389 51 178 33 377 89,9 2,1 190
14 500 569 427 53 176 34 413 70,8 2,1 190

operations in detail, while retaining the basic features of the plans. On the basis of analysis of several
variants, 14 basic operating modes of the electrical power generating station were proposed, for estab-
lishing a tentative sequence to bring the power station up to full power for the first time (see Table 1).
The basic concept underlying the startup procedure was to gradually raise the power output of the nuclear
power station, while bearing in mind the fact that the reactor is the most important piece of station equip-
ment, and that the decisive process parameéter is the temperature of the fuel -element cladding. The entire
power startup phase is broken up into three phases, which differ in the process parameters and in the way
the nuclear power station is operated.

The first phase of the power startup stage involves operational tests in which the A-1 power station
is brought up to 10% of rating, with the CO, pressure ~10 atm, and the temperature of the fuel-element
cladding rising to 350°C. During this period, production of electric power is not the focus of attention,
and the actual power needs of the station itself are satisfied from an extraneous power source. The opera-
tion of the nuclear power station is characterized by low process parameters in this period, and this is re-
sponsible for the fairly low accuracy of the measuring systems, while eliminating the corrective effects of
soime controls (e.g., the CO, temperature at the reactor exit, the pressure at the entrance to the gas blow-
ers, etc.). At the same time, the servicing personnel andtechnicians of the power station are confronted
with more stringent requirements on operation of a nuclear power station. '

The most important operating tests are carried out during the first phase of the power startup, and -
these are, in particular:

warmup of the reactor and of the primary loop;

startup of the reactor and operation of the reactor at a level ~2.5% of rating;

operation at different stationary modes, and transitions from one mode to another;

taking the nuclear power station off the power grid é.nd hooking it back into the power grid;
de-energizing the power station in response to a scram signal.

Experiments and checkouts of process equipment not carried out in the course of the preceding com-
prehensive tests were also included.

The secord phase of the power startup is characterized by attainment of power and parameters at
which the turbines can be switched on. The temperature of the fuel -element cladding is 350°C at this point,
and the pressure at the entrance to the gas blowers is 35 atm (with three turbines operating). Experiments
involving checkout of process equipment, carried out in the course of the comprehensive testing program,
are also included in the second phase. »

In the third phase of the power startup, the nuclear power station will be operating at parameters
close to ratings (see Table 1, mode No. 12), specifically with the fuel-element cladding temperature at
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TABLE 2
Number of Content of experiment
experiment
1 Testing emergency protection system of reactor
2 Testing fuel assembly overload conditions when fuel assembly is transferred from core to cooldown ,
zone, and vice versa ’
3 Checking operation replacing fuel assembly with the aid of the refueling machine
; 4 Determining the corrosion rate of avial metal, with the aid of sensors installed in the heavy-water
" loop '
| 5 Determination of the characteristics of the control-rod system over the power ranges near 2.5, 10,
| and 50% of maximum reactor output rating
} 6 Testing the flowrate and steam bypass correction unit
T i Checkout of matching of control -rod system to power controls and to gas flowrate controls
| 8 Testing the system of transportable ionization chambers in the measurement mode
9 Checkout of matching of transportable ionization chamber system and control-rod system in con-
trol mode '
10 Measurement of characteristics of controls for process channels
11 Experiments for supplementing performance measurements and confirmation of relationship between
performance measurements and experimental measurements ’ '
12 Investigation of the distribution of solid particulates and corrosion products in the first loop .
13 | Investigation of oil content in gas
14 Measurement of stresses in the primary loop, straingage measurements, measurements of plastlc de-
} formations
15 Checkout measurements of prototype equipment for heavy -water loop in active service:

determination of CO, desorption from D;O at expected pressure and temperatures;
measurement of amount of detonating gas, determination of the characteristics of the forma -
tion of detonating gas in Tesponse to various factors;

experimental verification. of the effect of the pressure on catalyst stability in contacting pro-
cess equipment for combustion of detonating gas

16 Determination of the characteristics of some automatic control networks
18 Mass-scale experiments with fuel elements:

post-irradiation inspection measurements;
investigation of thermomechanical operating conditions for fuel elements;

|
11 Comprehensive testing of one of the steam generators
investigation of temperature fields and heat release in eight experimental assemblies

19 Determination of temperature coefficient of reactivity of the fuel
‘ 20 M easurement and processing of dynamic characteristics of distributing equipment
l 21 M easurement and processing of characteristics of automatic operating modes
22 Determination of effect of damage to fuel elements on amplitude of signal emitted by system

monitoring leaks in fuel-element cladding.

450°C and the pressure at the entrance to the gas blowers at 54 atm (with three turbines on stream). The
gas blowers operate practically at rating, and the loads on the steam generators and turbines are also close
to ratings. The automatic power controls are given a final checkout. The experimental power startup pro-
gram is an extremely ambitious one, as we see, Moreover, the CO, condensation cleanup system will also
be tested in the concluding stage. '

The power startup modes are determined on the basis of the following pointsv:

gradual rise in the temperature of the fuel-element cladding to the maximum temperature (450°C), and
initial rise in the temperature of the fuel elements achieved with lowered coolant pressure;

as a rule, the rise in power is achieved by allowing only one parameter to vary with all the remaining
| parameters kept consta.nt_;

the secondary-loop pressure must be consistently below the primary-loop pressure;

; the minimum pres.sure in the primary loop is determined by the minimum D,0O pressure at the intake
of the pumps (5 atm);

the maximum pressure in the loop is determined by the pressure in the cooling chamber, i.e., by the
rated pressure.
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The program of experiments on the process equipment included the following operations:

final checkout of process functions not investigated up to that point, since these tests are carried out
most conveniently while the power startup is actually in progress;

completion of the first tests on separate systems and subassemblies;

completion of research work aimed at definitively determining the capabilities and performance of
various pieces of equipment, etc;

adjustments on the various automatic control systems;

carrying out scheduled additional checkouts on equipment, needed as indicated in the first experiments,
or as a result of tests involving some hazard,

These experiments are dictated by the special operating conditions of the nuclear power station. The
experiments include checkout of scram shutdown performance and scram cooldown of the reactor. At first,
the power startup program provided for scram shutdown of the reactor three times with the object of check-
ing the performance of the equipment under those conditions, as well as providing extra checks on the nec-
essary safety requirements for the nuclear power station. Test scram shutdowns were planned for maxi-
mum reactor parameters. Later on, the number of scram shutdowns was increased to seven, including
one test shutdown in the first phase, another in the second phase, and five shutdowns in the concluding
stage of the power startup.

The list of power startup experiments is given in Table 2.

Some changes have to be made in the regular systems in order to carry out some of these experi-
ments. This refers above all to the measuring and control systems, which must ensure the required ac-
curacy in measurement of parameters even when the nuclear power station is functioning off-rating (at low
parameters). Some provisional instruments, to be removed and replaced by the regular instruments de-
signed for the rated parameters, are therefore installed in the measuring and control systems prior to
commencing the power startup.

A program containing procedures and ways to process the results, a list of recommended changes
and additional equipment, and information on the personnel needed to carry out the experiments, was '
worked out for each of the experiments. The program included coordination rules for maintenance and
operation of the process equipment during the startup. The maintenance rules cover the state of the pro-
cess equipment at the start of each phase, and include instructions for all the important technological op-
erations.

Certain defects in the equipment were detected and eliminated in the course of working out the pro-
gram. At the present time, several technical problems relating to preparations for the power startup are
being solved. The major problems in this area are:

providing for the plant's own power needs from the 110 kV and 220 kV networks (this is termed "com-
bination power supplies");

‘the problem of ripple due to the action of the gas blowers operating in steady state, and under emer-
gency conditions; .

stability of the gate valve acting as check valve at the exit from the gas blowers.

The design period for the power startup is 300 days, broken down as: 51 days for the first phase, 76
days' for the second phase, 173 days for the third phase, the remainder for the fourth. The overall time
includes 30 days intercalated between the first and second phases, however, as required to replace the
measuring instrumentation and make some changes in certain pieces of equipment.

The building of the first Czechoslovak nuclear electric power generating station has been a complex
and crucial task. Successful introduction of the A-1 nuclear power station to the nation's power grid re-
quires maximum efforts on the part of a large group of specialists, equipment manufacturers, scientific
institutes, design and planning institutes, and of course the workers and staff of the nuclear power station
itself. Soviet specialists rendered no small part of the assistance in solving the problems relating to the
startup of the power station.
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The preceding results demonstrate that all of the technical and engineering problems appearing in the
" course of preparations for getting the power station on the line can be successfully resolved.

The prevailing conditions give every ground for optimism that the first nuclear power station in the
country will be delivering electric power to the nation's power grid on the planned scheduleby the end of 1971.
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MONITORING GAS-TIGHTNESS OF FUEL ELEMENT

CANS IN GAS COOLED REACTORS

‘ : /
E. Gladki, £. Melikhar, - UDC 621.039.52.034.3
I. Kubik, and V. Kapishovski :

The occurrence of cracks in fuel element cans in gas (CO,) cooled reactors, fueled with metallic
uranium increases the likelihood of the fuel — coolant reaction: Lo

U+-2C0, — U0, - 2C0;
U+ 2C0 — U0, -+ 2C.

Oxidation of the fuel promotes enlargement of the cracks and may lead to ignition of the can itself [1]. For
this reason, particular importance attaches to development of systems for monitoring the gas-tightness of
fuel element cans (FECM system). In the Czechoslovak nuclear power development program, directed
mainly towards gas cooled reactors at the present time, considerable attention has been given to the FECM
problem [2-4]. This article describes the main results of investigations made in this field of study and, in
particular, of certain problems in choosing methods for detecting lack of gas-tightness in fuel elements and
in theoretical optimization systems. ,

Choice of Method for Detection of Lack of Gas-Tightness in Fuel Element Cans and Basis of Fuel
Element Can Monitoring (FECM) Systems. The following requirements must be met when developing a
FECM system [5]:

guarantee of reliability and of rapid detection of lack of gas-tightness in any fuel element, using the
minimum number of detectors; i

capability of observing progressive development of failure (particularly in the case of failure through
gradual enlargement of a defect);

incorporation of a suitable method for recording results to assist rapid and straightforward diagnosis;
maximum degree of automation in operation of the systemj
incorporation of the FECM system into the reactor control and protection system.

The above-mentioned requirements can be met by two methods in gas cooled reactors, viz., by elec~
troprecipitation or by filtration. Both methods are based upon deposition of "aerosol" daughter decomposi=
tion products (isotopes of rubidium and of cesium) in the form of gaseous fission fragments and by measure-
ment of the activity of the deposited dispersion phase. Detectors for FECM systems based on the electro-
precipitation principle are adopted in almost all nuclear power stations having gas cooled reactors [6]. At.
the A-1 nuclear power station, the first in Czechoslovakia, it is proposed to adopt a filtration method using
rigid or inflexible filter elements. Filtration detectors, having replaceable filtering surfaces have been
tested in experimental gas loops.

The cost of the FECM system in a gas cooled reactor may constitute an appreciable fraction of the
whole cost of the power station equipment. Therefore, attention was paid when developing the FECM sys-:
tem that all the aforementioned requirements should be met with minimum number of detectors. As the re-
sult, the preferred method selects samples of the coolant from grouped power channels but with periodic
monitoring of individual channels. On detection of a channel containing a defective fuel element, a so-called
"tracking detector" is switched in, which will record the activity of the coolant continuously until such time
as the defective fuel element is removed. '

Translated from Atomnaya fﬂnergiya, Vol. 30, No. 2, pp. 162-165, February, 1971.
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TABLE 1.
Sensitivity of Different

Detectors

Comparison of Signal Magnitudes and

Having regard to the large amount of data to

be processed and to the importance of this data as
a source of information regarding the functional

Signal mag-
fd nitude, im- | 8, state of the reactor, it is desirable o couple the

Type of detector pulses/sec | mm? FECM system to a computer in the automatic control
- em? and protection systém.

| Eleft;°Pfe°iPIi‘3‘°’; 0640 0.4 Gas chromatography is a promising method for

with wire electrode ' detection of microcracks. through which long-lived
with disk electrode 400 22,8 fission products might flow, and offers the possibilit;
Filtration detector having replaceable 106i0 16,7 P! gat oW, P Y
of selectively determining isotopes of krypton and

filtering surfaces R
. xenon in the coolant [7].

Detection of lack of gas tightness in fuel elements with defects which develop rapidly can be effected
by constant measurement of coolant samples from the first bank of channels using detectors of the same
type as that used in the FECM system itself. This additional monitoring is especially important in view of
the ‘method adopted, of selecting samples from grouped power channels with periodical monitoring of in-
dividual channels. Theoretical analysis indicates that high rapidity of action is also a characteristic feature
of monitoring fission products in coolant, based on methods of recording delayed neutrons [7].

The basis of the adopted FECM system ensures a high degree of reliability over a wide spectrum of
possible types of defect in fuel element cans and ensures the provision of valuable information as regards

the behavior and the general condition of the fuel charge.

Appraisal of the Sensitivity and the Rapidity of Action of Detectors in Fuel Element Can Monitoring
(FECM) Systems. Methods of appraising the sensitivity of detectors and the dependence of this sensitivity
on various parameters have been proposed in order to decide the functional conditions of the detectors and

to optimize the entire basis of the FECM system. By sensitivity, here, and in what follows, is implied the
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Fig. 1. Dependence of sensitivity & of an electroprecipitator with respect to time t; of
transfer of coolant sample (a) with purging, and (b) without purging of the detector by
clean gas.
Fig. 2. Dependence of sensitivity 6 of a filtration detector with respect to time t; for

transfer of the coolant sample for various values of t,.
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Fig. 3. Time-wise dependence of indication response N; of FECM detectors in the following
cases: a) defects of constant magnitude; b) defects with linear rate of growth (the figure given
on the curves are numerical values of r in cm?/sec); c) defects with exponential rate of growth
(the figures on the curves are numerical values of T, /2 in minutes); d) defects with occurence
of oxides. The dotted lines represent the threshold signal; unbroken horizontal lines represent
the background (noise) of the detector.

extent of exposure of the fuel surface which will cause an indication response from the detector equal to the
background level. This definition enables rapid appraisal of the effects of the functional and constructional
parameters of the detectors and the FECM system upon its sensitivity and assists comparison of different
types of detectors.

The reading or indication given by any type of detector can be characterized by the relationship [8]:
n
Nip=F; ,21 A; My,
1= .

where Fj expresses the mechanism of the outflow of fission products; the form of the term A; depends upon
whether the signal is computed for a predetermined defect (A;) or for the background level (A,); My char-
acterizes the type and the construction of the detector. Each of the terms enumerated may frequently in-
volve a lengthy mathematical expression, particularly complex in the case of a diffusion mechanism of out-
flow of fission products through microcracks [9]. '

The sensitivity, &, according to the definition stated, can be expressed by the relationship

5 — Np+4-Py4-Py4Nigp
Nig i

where Np is that part of the background noise of the detector adopted which is caused by external radiation;
Py and P, are the fractions of the background noise of the detector caused, respectively, by surface con-
tamination of the active zone by uranium or by activation of the coolant together with its content of contami-
nants.

Figure 1 shows the results of computations of the magnitude of § with respect to the time t; taken for
transfer of the coolant sample for electroprecipitation using wire electrodes. The dependence of the magni-
tude of § with respect to the time t; for transfer of samples to the cleaning filter for various times, t,, for
disintegration of the sample between the filter cleaning the gas flow and the filter-collector for isotopes of i
rubidium and cesium, is shown in Fig. 2. The magnitudes of signals for a given area of fuel, and the mag-
nitudes of 6 for optimum parameters of different detectors and for the proposed operational parameters of
the nuclear power station are given in Table 1.

Theoretical determination of the minimum detectable magnitude of defec't, based on the root-mean-
square fluctuation of the background level of the detector, demands more deta_.iled study of the FECM system
as awhole and, possibly, appraisal of fluctuations of the main parameters of the system and of the reactor.
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If a FECM system is chosen mainly from consideration of rapidity of action, the important thing in
detecting lack of gas tightness is the threshold signal strength, S, in the absence of any defect. For com-
putation of the magnitude S, the following relationship can be used [10]:

§ = Nf + 0N+ V_ V' Nt

where N; is the background level of the detector; 7 is the time constant of the integrator.

- Rapidity of action depends, also, on the rate of growth of the defect and upon the corresponding time-
wise relationship of the response indications of the detector. In appraising the FECM system adopted for
the A-1 nuclear power station, attempts were made to calculate the time-wise dependence of the response
indications of the FECM detectors for the following types of defects in fuel cans [11]: 1) defects of constant
size; 2) defects with linear rate of growth; 3) defects with exponential rate of growth; 4) exposure of a de-
finite area of fuel surface causing oxidation of the exposed surface, spalling-off of the oxide, and repeated
exposure of the fuel.

The first three types of defects can be characterized in the following manner:

1. Defects of constant size:
M=Ky (1— e,

where K; is a constant; Aj is the disintegration constant of the daughter products of the fission fragments
(rubidium, cesium).

2. Defects with linear rate of grthh:

M= Ko [ 1440 = 1)],

where r is the rate of growth of the defect (cm?/sec).

3. Defects with exponential rate of growth:

i . My :‘KO

}w‘ ; (eb’ —Att)
b+hAi

where b = 1n2/(T1/2); T/, is the period for "half-value growth" of the defect.

The mathematical expression for the time-wise dependence of the signal response in the case of a
defect of the fourth type is rather too lengthy for reproduction within the limits of the present article.

Computed.: time-wise dependence of the response indications of FECM detectors, corresponding to the
given types of defects are shown graphically in Figs. 3a, b, c, and d.

The types of defects considered do not include all possible types of defect and their description may
not fit the actual case completely. Comparison of the results from theoretical analysis with data obtained
in actual service of FECM systems will facilitate the processing and the interpretation of measured results.
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The development of the BOR-60 began in late 1963 under the scientific supervision of the Power Phys-
ics Institute (FF:I). Construction work on the building to house the reactor installation at the Atomic Reactor :
Scientific-Research Institute (NIIAR) was begun in mid 1965, and the reactor reached its power level on
December 27, 1969.

While producing a high specific power and high sodium coolant exit temperature, the reactor can be
used to test fuel elements, and structural materials for the BN-350 and BN-600 fast reactor nuclear power
stations now being built, over a wide range of testing conditions, and can serve the same purpose for the
future higher-output nuclear power stations using fast breeder reactors. The 40-60 MW power level makes
it possible to test different types of equipment under operating conditions, including steam generators,
pumps, heat exchangers, shutoff valves, control valves, etc.

The reactor characteristics, and a description of the basic reactor devices, can be found elsewhere |
(14]. This paper deals with problems involved in the installation of the reactor and in the completion of
startup and adjustment operations.

Experimental Groundwork for Equipment Designs

All of the basic equipment assemblies were tested, as a rule, on simulating models and prototypes.
These include:

top parts of seals for rotating reactor plugs;
models of pressure-vessel pipe connections;

model of pressure chamber in combination with models of fuel assemblies and flow-throttling de-
vices;

models of refueling channel and gating devices;

drives.and moving parts of control rod assemblies;

system for bringing rotating plugs home to specified coordinates;
system for monitoring sodium temperature at exit from fuel assemblies.

The eutectic of tin and bismuth displayed excellent wetting with the blades of the seai for the rotatihg
plugs, which provided helium pressuretightness in both hot and cold states. Additional heat-stable rubber
sealant failed to provide a stable sound seal, and the unsuccessful profile was altered.

!

Translated from Atomnaya ﬁnergiya, Vol. 30, No. 2, pp. 165-169, February, 1971.

© 1971 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher.. A copy of this article is available from the publisher for $15.00.
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Models of pipe connections for the reactor pressure vessel were subjected to strength tests under
axial loading and a bending moment. Stresses attaining their maximum at the site where the pipe connec-
tion is joined to the pressure vessel damp out completely at distances roughly equal to the maximum radius
of the pipe connection.

i The safety margin for anticipated stresses was not less than two. Later on, when piping is tightened
up in the cold state for welding operations, the actual stresses were found to be below the levels anticipated.

Hydraulic tests and temperature tests of a model of an exit pipe connection disclosed that the tem-
perature gradients at the site where thermal shields were placed were below those predicted, at a level of
0.15°C/mm, while the temperature gradient reached a level of 1.4°C/mm outside the thermal shield. Ad-

_ditional shields, longer ones, were installed at the exit pipe connections as a results of the tests, during
the assembling process.

Stress measurements taken at different points of the pipe connection made it possible to estimate

\ the allowable number of cycles of rapid changes in the sodium temperature at the exit from the reactor
(2000 cycles at 580°C). Strain gages were bonded to the pressure vessel and to the pipe connections of the
reactor in order to observe the operating conditions experienced by the pipe connections under full-scale
conditions.

The temperature conditions under which the rotating plugs operated were tested on a model, reveal-
ing that the temperature in the hydraulic seals reaches 81-85°C even when the water cooling system breaks
down, while reaching 68°C on the plug cover. Temperatures are lowered by 35-40°C when air cooling is
used.

Simulated pressure chambers and fuel assemblies were tested in order to check the ease of assembly
of the core, and the stresses generated when rod bundles are inserted into or withdrawn from the core.

Building and Assembly

It took 4.5 years to complete the building of the reactor. This period can be broken down in the fol-
lowing stages. |

1. From late 1965 to mid 1967. The bulk of the work in laying the protective concrete shields and
precast structural concrete,- wall panels, installation and rigging of metal structures and metal lining of
rooms housing the primary loop, was completed. Heavy shielded doors were installed in those rooms where
access was to be limited as construction proceeded further on the building. Hoisting and lifting equipment
was set up. Construction work on the building housing the turbine and the ancillary equipment for the steam
loop was begun later.

2. From late 1967 to mid 1968. Auxiliary systems and service systems for the main building, not
connected with the sodium stream, and not subject to special purity requirements in the assembly stage,
were set up, and load-bearing structures and the reactor shielding were rigged into place. Primary-loop
rooms were prepared for the installation and erection of equipment and the main piping. A room provided
with rigging stands was prepared for preliminary work with the pressure vessel and other reactor compo-
nents.

3. From late 1968 to mid 1969. Erection of the principal and auxiliary sodium loops, reactor com-
ponents, electrical power system, monitoring and automatic control systems, was completed. Critical ex~
periments were run in the absence of coolant in order to secure more exact data on some of the physical
parameters. The "dry" physical startup of the reactor was carried out in December, 1968,

4. From August through December, 1969, Final adjustments were made on the principal and auxil-
iary sodium systems, the operating conditions for electrical heating were tested, sodium was admitted into
the auxiliary systems and purified in cold traps, the principal-loops were filled with sodium, the perfor-
mance of the pumps and other equipment was checked out, the necessary characteristics were measured,
fuel assemblies were loaded in, critical experiments were conducted on the sodium stream, and the power
startup was completed. ’

o -

The design of the reactor facilitated fabrication of the pressure vessel and rotating plugs separately.
No serious problems arose in matching the mating components properly, since there was still one more
component, the reactor "cage," to intervene between the pressure vessel and the rotating plugs. The pres-
sure vessel and the "cage" were fabricated first, and went through tests together.
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In assembling the reactor, it became necessary to align the axes of the control rod mechanisms as
precisely as possible with the corresponding axes of the discharge header axes, to hold the specified clear-
ances, and to check the ease of assembly of the core. The congested tangle of equipment on the reactor
cover caused difficulties in getting the equipment into place, and necessitated readjustments and refitting
in some instances.

It was not possible to avert serious welding deformation in the vicinity of the exit pipe branches when
the guard rings were installed in the reactor cage at the site of fabrication. The dimensional deviations
were found to be excessive, since further difficulties might eventually hamper the free movement of the
rotating plugs. Because of a lack of time to remedy that defect, the cage was turned over for assembly
and installed in the reactor pressure vessel to facilitate "dry" critical experiments without sodium present.
After these operations had been completed, the reactor was dismantled and the dimensional deviations were
eliminated.

After the equipment had been assembled on the reactor cover and the operation of the mechanisms
had been checked out in the cold state, an argon environment was set up in the reactor and in the primary
loop, for the purpose of preventing oxidation of the tin —bismuth alloy as the sodium was being admitted in-
to the loop. Permanent insulation of the alloy was achieved by application of silicone fluid. With that, the
preparation of the reactor for final adjustment operations in the hot state was completed.

Welded joints were subjected to tests for strength, belium leak tests, y-ray nondestructive testing,
and dye-penetrant crack detection tests. After welding operations had been completed, the piping butt-weld
joints on the high-temperature service lines from the reactor to the sodium — sodium heat exchangers were
subjected to austenization at temperatures to 1100°C. The flaws detected in the welded joints in the primary
loop in two instances were eliminated with comparative ease.

Completion of the rigging, installation, and assembly, testing and run-in of the secondary loop with
the air heat exchanger took place simultaneously with the filling of the primary loop with sodium, andthe run-
in and critical experiments for the primary loop. This made it possible to bring the reactor power up to
5 MW in late December, 1969, with the air heat exchanger working.

Startup and Adjustment Operations

The primary loop was tested for vacuumtightness and dryness. Helium leak tests were conducted
first, and all leaks detected were eliminated. Steel simulators of working bundles and shield bundles were
loaded in. The alloy in the hydraulic seals of the rotating plugs was in a frozen state. The pumps were
provided with bearing-stand seals for gas shutoff. No oil was admitted into the pumps.

The primary loop was dried out by evacuating it and simultaneously applying the electrical heating
system. The temperature of the primary loop was raised in 50°C steps. The maximum loop temperature
in the tests was 300°C. The reactor pressure vessel was warmed up by pumping hot air (~300°C) over the
shell of the pressure vessel.

The loop was filled with argon several times during the drying process. Pure argon with an oxygen
content of 3-1073% and moisture content 0.1 mg/liter was used in this operation.

The loop was completely evacuated, in all of its complexity, for a full five-day period. The limit-
ing vacuum attained in the loop was 2-10"! mm Hg, with inleakage of 8 -10"* mm Hg per hour.

By November 26, 1969 the loop was ready for filling with sodium, The main loop piping was at tem-
peratures of 200-240°C, the auxiliary piping was at temperatures of 200-300°C, the intercooler vessel was
at 150-250°C, the reactor pressure vessel was at 180-200°C. Thermocouples installed in the reactor gave
readings of 170-220°C.

Preparation of the Sodium. Sodium from the manufacturing plant was delivered in receptacles one
cubic meter in volume, under a layer of argon. From 25 to 1000 g paraffin (used at the manufacturing plant
as a protective medium to keep the sodium insulated from attack by air) was driven off under vacuum from
each shipping container, as the sodium in the receptacle was heated to 200-250°C. The paraffin continued
to be driven off until paraffin vapors ceased to precipitate out in the air-cooled trap installed at the intake
of the vacuum pump, and this process took three hours. The sodium was forced out from the shipping re-
ceptacle by the argon, through a mechanical gauze filter, into an intermediate tank 6 m® in capacity, where
the sodium was allowed to settle for some time, after which it was forced up from the bottom into a 35 m®
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capacity receiver tank. All the tanks were dried out, before sodium was admitted into them, by evacuation
backed up by simultaneous electrical heating. :

The intermediate and receiving tanks containing sodium were evacuated via the vapor trap, in order
to monitor the amount of paraffin that might have gained access to them. When the intermediate tank filled
with the first batch of sodium was evacuated, some traces of paraffin were detected in the vapor trap. The
tank was evacuated over a 19 hour period, until paraffin ceased to show up. No paraffin was detected in the
trap when the intermediate tank with a second batch of sodium was evacuated, and the same holds for the
receiving tank. Sodium from the intermediate tank never got down to the tank bottom.

The sodium in the receiving tank was purified by circulating it through a cold trap. The content of
oxides in the sodium was lowered so thoroughly, as a result of tenfold pumping of the volume of sodium
through the trap, that the temperature at which the plug indicator stopped fell from 220°C to 120°C. The
sodium was transferred from the receiving tank into the primary-loop overflow tank via a mesh filter, and
was filtered further by circulation through the standard primary-loop cold trap. Chemical analysis of sam-
ples of sodium taken from the overflow tank after the primary loop had been filled showed the following con-
tent of principal impurities (%): 4.5 10~% carbon, 6 - 10~*hydrogen, 1.5 -107° nitrogen, 6 -10~° calcium, 2 -1072
potassium. It should be emphasized that the content of these impurities in the sodium flowing through the
primary loop underwent no change as the reactor continued in operation.

Sodium was prepared for the secondary loop in a similar manner. The initial oxides content in the
secondary-loop overflow tank corresponded to the temperature at which the indicator became clogged, 195°C.
After eight volumes of sodium had been pumped through the cold trap, the clogging temperature of the in-
dicator dropped to 110°C.

The primary loop was filled with sodium at a sodium temperature of 250°C. The loop was first filled
with pure argon. The argon was pumped out of the overflow tank by an electromagnetic pump. The filling
operation was carried out through the reactor vessel drain channels with the sodium transferred into the
loop via raised filters. After the pressure vessel had been completely filled, the filters were relowered,
and the loop was filled up via the appropriate drain channels. As circulation began all the sodium from the
loop entered the reactor after passing through filters installed, in place of the topworks of the Du-200 globe
valves, on the upstream piping of the reactor process equipment. '

The loop-filling operation proceeded smoothly, with no mishaps, the sodium pumped by the electro-
magnetic pumps was monitored by a flowmeter, by the overflow tank overflow gage, and also by changes in
the readings of thermocouples in the electrical heating arrangement and readings of the straingaging system.

The only delay resulted from a malfunction of the sodium fill level indicator in one of the intercoolers
when the sodium level in the reactor pressure vessel reached its maximum, and this malfunction seems to
have been due to the improper indication of the site where the air relief filter was placed. (The indication
mark was too high.) The air relief valve had to be cut off from the primary-loop gas system in order to fill
the heat exchanger with sodium, and the sodium level in the heat exchanger was raised by venting gas to the
atmosphere via a sampling globe valve provided for the purpose.

Straingage measurements taken while the loop was being filled with sodium revealed that stresses
reached a level of 300~400 kg/cm? in the piping, 600-800 kg/cm? in the zone of the lower pipe connection
on the vessel, and 2500-3000 kg/cm? at some points on the body of the intercooler.

Purification of Primary Loop and Run-In of Pumps. Inasmuch as purging of the sodium loops by
water was ruled out, the loop had to be cleansed of any contaminants left in the wake of the installation op-
erations by circulating scavenging sodium through the loop via the mechanical mesh filters installed in place
of the topworks of the delivery-end globe valves.

Circulation of sodium through the loop showed that the mechanical pumps with lower hydrostatic
bearing performed excellently. But when sodium was circulated through one of the filaments of the primary
loop, severe hydraulic impacts occurred along the loop because of chatter of the check valve on the second
filament of the loop. The frequencies and amplitude of these oscillations in the loop increased with pump
shaft rpm. No loop oscillations were observed when two pumps were operated in parallel.

A clogging temperature of 180°C was obtained when the first measurement of oxides content in the
primary loop was taken. The clogging temperature of the plug indicator was found to be 110°C after the
oxides cold trap had been in operation for 58 hours.
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The loop was cleaned out by circulation through the mesh filters for seven full days, with maximum
flowrates as high as 320 m®/h through each filament. After that the mesh filters were taken out of the loop.
Inspection of the filters revealed no foreign inclusions of any kind present. The check valve responsible
for the chatter in the loop was removed at the same time, and was replaced by a check valve with a heavy-
duty swing. After the check valve had been replaced, sodium circulation through the loop was resumed,
using a pump with a lighter check valve, and no perceptible chatter was reported. The further run-in of
the loop took place at a sodium flowrate of 320 m3/ h and temperature of 200-300°C. The pump character-
istics and pump idling behavior were measured during that time, and emergency interlocks were checked
out. By December 5, 1969, the loop was ready for loading working bundles into the reactor, and "wet"
physical startup with coolant present began.

Filling and Run-In of Secondary Loop. As in the case of the primary loop, the secondary loop was
filled after prolonged drying of the loop by evacuation combined with simultaneous heating to 200-250°C.
The secondary-loop piping was baked out by electrical heating, and the air heat exchanger was baked out
by gas burners'installed in each of the four sections.

The limiting vacuum attained in the loop was 6 -10~! mm Hg, and inleakage was 5-10"% mm Hg per
hour. ‘ '

The two filaments of the secondary loop and the air heat exchanger were filled up with sodium simul-
taneously, but prior to that the freedom of passage of all the drain lines was checked out. The sodium level
in the banks of pumps reached the upper critical level at the start of the buffer tank level gage readings.
Gas flow through the buffer tank had to be shut off before circulation through the secondary loop was begun,
therefore, and the sodium was partially transferred from the pump tanks to the buffer tank. As a conse-
quence, the buffer tank was replaced by a tank of larger volume set at a lower mark.

Sodium circulation through the two filaments of the loop was started in parallel through the air heat
exchanger, and proceeded smoothly without incident. No loop vibration was observed. The oxides content
in the loop, measured immediately after circulation commenced, corresponded to the indicator clogging
temperature of 170°C.

Sodium was circulated at flowrates up to 220 m®/h through mesh filters (0.25 x 0.25 mesh) which
replaced the topworks of the globe valves on each filament of the loop. All the filters were removed after
six full days of circulation of the sodium stream.

The core was loaded at a faster pace with the aid of a simplified accessory, a rod suspended from
a hook on a hoisting crane. Loading was done through the loading hole in the small rotating plug, without
a gating device.

A hose supplying a continuous flow of argon was lowered into the hole to keep air from getting in.

The simulating bundles withdrawn from the reactor were placed in a box containing soda. The load-
ing rod was washed free of sodium residues in an-alcohol — water solution. The working bundles were heated
to 150-180°C in an electric furnace before being placed inside the reactor. The sodium temperature was
180°C throughout the reactor loading process. The oxides content in the sodium rose toward the end of the
loading operation, up to the clogging temperature 150°C. '

After the physical startup of the reactor had been completed, the reactor was brought up to 5 MW
power inDecember,1969, at.a sodium temperature of 350°C, with heat removed by the air heat exchanger.

In March, 1970, the reactor power was ‘brought up to 20 MW at sodium temperatures to 400°C. By
August 15, the reactor had generated 47,000 MW of heat power.
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THE EFFICIENCY.OF FUEL UTILIZATION IN POWER-GENERATING
FAST REACTORS

V. V. Orlov, M. F. Troyanov, » UDC 621.039.526
and V. B. Lytkin

The efficiency of fuel utilization at an atomic power station is defined prlmarlly by the cost of the
fuel cycle to generate 1 kWh of electrical energy. The criterion used is the fuel component of the unit costs.
In addition to the monetary indicators, it is also helpful to make use of natural indicators of the fuel cycle,
such as the uranium or plutonium requirement of a particular type of reactor, the power doubling time, the
amount of work involved in the manufacture and chemical processing of the fuel elements, and the magnitude
of the separation by the enriching industry.

Each of these indicators characterizes one particular aspect of the fuel cycle, even though they are
all interrelated. They are free from some of the vagueness and lack of definition that is characteristic of
monetary indicators. '

Fuel Consumption in a Breeder Reactor System

An important aim in any consideration of the variables for the development of a nuclear power sys-
tem is to minimize the rate of consumption of fissionable materials. The consumption of fissionable ma-
terial at any instant of time is the sum of the amount expended to install new reactors and the amount ex-
pended on fuel make-up for reactors installedearlier. For the sake of simplicity, we shall assume that new
increments of nuclear power are put into operation at an exponentially increasing rate, i.e.,

dw (1)
dt

= Ae®?, and hence Wi = (oio (ewo! — 1),

oy

TABLE 1. Comparative Characteristics of Fast Reactors with Different Types of Fuel

Type of fuel .

Indicator oxide (10% burnup, | carbide.{10% burnup, | metal (2.5% bumup | metal (5% burnup,
reproduction factor | reproduction factor reproduction factor | reproduction factor
= 1.33) = 1,43) = 1.63) = 1.61)
" Charge of plutonium in | -Ty=1yr 3.3 3.5 5.8 4.1
the cycle, tons T, = 0.5 yr 2.7 1 3.0 4.0 ' 3.2
Tp=1yr 10 8.2 9.2 6.8
Doubling time, yr : : )
) T,=0.5yr 8.2 6.9 6.4 5.2
T, =2yr
sp . .
T2 1yt 2.6 2.6 4.6 2.9
Plutonium consumption is ’:13 yr 2.3 2.2 3.9 2.3
for development with a | ‘r~ = YT '
specified rate and re- Tsp = 5yr
processing time, tons T =1lyr L7 1'4 2.1 . 0.6
\
‘ Tgy =3 yr )
T.=0.5yr 1.1 0.8 0.9 0.2

Translated from Atomnaya ]énergiya, Vol. 30, No. 2, pp. 170-174, February, 1971.

© 1971 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
» : permission of the publisher. A copy of this article is available from the publisher for $15.00.
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AGon, TABLE 2. Relative Change in Plutonium
I L4 .
yr Consumption as ¢ Changes, %
50
Value of W | 9=1,0 | ¢=0,8 | 9=0,6 | ¢=0,4
40
0,12 —10,5 0 +25,0 | 4-34,0
0,20 -0 0 ~0 ~0 |
30 ‘
and
20 _ 1 dw @
12 5 78 20w, %, w(t)=~p¢7-7=ﬁm—o,-

Fig. 1. Influence of the change from This law of power increase (2 high relative rate of in-
T =1yrto Ty =0.5 yr on savings in an- crease at the beginning of development, decreasing with time
nual plutonium consumption at various to a value w,) describes the qualitative properties of the dy- 1
values: 1) RF = 1.5; 2) RF = 1.4; 3) RF namics of a developing nuclear power industry far better than |
=1.3. the exponential law of power increase that is sometimes used,
W(t) = Woe"*’t. The value of w, must be taken equal to the

: asymptotic rate of growth and the entire power-generating
system. The latter will scarcely exceed 7-8% per year. The annual consumption of fissionable material
for such a development of a system of fast reactors using plutonium can be found from the approximate ex-
pression
aw ()

Gyr (&)= ch i

—GpW ()= W (1) G ¢y [0 () — o], 1

where Ggy is the specific quantity of plutonium in the fuel cycle, expressed in tons/million kW (electrical);
weis the characteristic rate of growth of fast-reactor power that corresponds to a doubling time of T,
=0.693/wc.

The lower the specific quantity of plutonium in the fuel cycle and the higher the reproduction factor,.
the lower the plutonium consumption will be. The increase in the power density of the fuel as the size of
the active zone is reduced does reduce the specific charge of the fuel cycle in most cases, but at the same
time it markedly reduces the reproduction factor. The specific charge per cycle may be represented ap-
proximately in the form '

Gey G+ Gyr Ty == G+ 1%007'5 36521, (2)
where Ga is the charge of the active zone, in kg of Pu/million kW (electrical); Gyr is the annual overload,
in kg of Pu/million kW (electrical) -year; Bis the average burnup fraction, expressed in MW -days/ ton;

B is the reactor power fraction that is assignable to the active zone; 7 is the efficiency; ¢ is the load factor;
- Z, is the initial concentration of the plutonium (kg/ ton of fuel); Ty is the time of the external fuel cycle,
expressed in years.

The value of Ga is inversely proportional to the power density of the fuel and to the efficiency. Con-
sequently it is advantageous to increase the power density of the fuel, within reasonable limits, bearing in
mind the engineering considerations, the unavoidable reduction of the internal reproduction factor, and
some reduction in the total reproduction factor, as well as the increase in the amount of fissionable material
in the external fuel cycle. The latter is related to the increase in the initial concentration of plutonium in
the fuel (Z;) with smaller active-zone volume values.

An efficiency value of 40-43%, which would be obtainable at steam parameters of 130-160 atm ab-
solute and 500-540°C, is completely acceptable. Increasing the efficiency will also reduce the specific.quan-
tity of fuel in the external cycle. However, more powerful factors come .into play here: the burnup fraction
and the time required for the external fuel cycle. '

/

Increasing the burnup fraction has the advantage of reducing fuel distribution costs; at the same time,
‘however, the amount of fuel in the external part of the cycle also decreases, as can be seen from formula
(2). This effect becomes stronger as the initial value of the burhup fraction decreases and as the duration
of the external cycle increases. For a given burnup fraction, shortening the external cycle will reduce the
amount of fuel in external cycle, and the smaller the given burnup fraction is, the stronger this effect will
be.
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TABLE 3. Characteristics of Uranium Reactors

Characteristic LWR [ HWR | FOB

Specific charge of uranium, tons of natural uranium/ million 400 130 [ 650
kW (electrical)

Annual consumption of uranium for recharging (operation at 180 | 110 | 185
100% of power), tons of natural uranium/ million kW (elec-
trical) year

Annual production of fissionable plutonium (operation at 100%| 220 | 400 | 800
of power), kg of Pu/ million kW (electrical)- yr

The doubling time also depends on the specific quantity of fissionable material in the fuel cycle:

Ge
T2 G —prg (3)

Figure 1 shows how reducing the duration of the external fuel cycle from 1 yr to 0.5 yr affects the
annual plutonium consumption of a fast reactor (using plutonium oxide) with an average burnup fraction of
70,000 MW-days/ton for different values-of the specified rate of growth of the power-generating system.
The ordinate axis shows the annual savings in plutonium consumption, while the abscissa axis shows the
specified rate of annual growth of nuclear power generation. It is clear from the figure that reducing the
length of the external cycle brings substantial savings in plutonium consumption and that the relative role
of the reproduction factor in the plutonium savings diminishes as the specified growth rate of nuclear power
generation increases.

In selecting the reactor variant which is optimal from the point of view of plutonium consumption,
we must, of course, keep in mind the fact that at different stages in the development of nuclear power gen-
eration the requirements imposed on such reactors will be somewhat different. During the initial period
of development, when the rate at which automically generated electrical power is assumed to be increasing
most rapidly, preference should be given to reactors with a minimum amount of fissionable material in the
fuel cycle, since the value of the reproduction factor for a high specified rate of growth of power generation
will be only of secondary importance. Later, when the specified growth rate is smaller and consequently
the amount of plutonium used for putting reactors into operation is more nearly equal to the excess amount
of plutonium produced, we find that the influence of the reproduction factor on the annual plutonium con-
sumption increases considerably and may become decisive (where the specific quantity of fuel per cycle
and the value of the reproduction factor are bounded between reasonable limits of variation).

This fact can be illustrated by an example comparing reactors which use different types of fuel:
oxide, carbide, and metal.

Assume that all three reactors have the same volume (5000 liters), the same composition (40% fuel,
" 40% sodium, and 20% steel), and the same power [1000 MW (electrical)]. For the oxide and the carbide
the maximum allowable burnup is taken to be 10%, while for the metal fuel (@ U-Pu- 10% Zr alloy) it takes
on values of 2.5% and 5%. The fuel density is taken to be 8 g/cm? for the oxide, 10.5 g/ cm? for the car-
bide, and 11 g/cm3 for the metal (70% of the alloy density, which is 16.5 g/cm3). The calculations were
carried out for pure Pu®? with no admixture of higher isotopes.

The results of these comparisons are shown in Table 1. As can be seen, for high values of the spec-
ified development rate there is no need to use metal or carbide fuel, even if the metal fuel will reach a burn-
up value of 5%. The use of metal fuel can be advantageous only if the specified rates of development are
sufficiently low and the burnup value is approximately 5%. The full economic advantage of using metal fuel
is not yet evident at this stage, since the cost of electrical energy will be determined not only by fuel coste
but also by the cost of preparation and distribution, as well as the capital component. Obviously, first pri-
ority must be given to introducing oxide fuel, and second priority to carbide fuel.

A change in the above-mentioned reactor parameters can also be achieved by a suitable choice of the
reactor design (the choice of the active-zone geometry and the percentage of the volume represented by fuel
coolant, and structural materials) and the conditions of operation of the atomic power station. For more
economical fuel consumption, it is desirable to have fast reactors operating with high load factors (¢), al-
though during the initial period of development this is of no great importance, since in this case the
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TABLE 4. Characteristics of Plutonium reproduction factor plays only a minor role, and the quan-
Reactors tity of fuel in the cycle diminishes with decreasing ¢.
Thus, at high rates of growth the fuel consumption will
Characteristics FOB FCB remain almost unchanged (Table 2).
Specific charge of fissionable plu-
tonium, tons of plutonium/mil- | 2.2 2,0 Fuel Consumption in a Mixed Reactor

lion kW (electrical)

System

RF 1,40 1,55
For a realistic model of the development of nuclear

power engineering, we should assume that the reactors used

during the initial stage of development are thermal reac-
tors, since those are the reactors most thoroughly understood today. Fast-neutron breeder reactors will
begin to develop somewhat later, when a sufficient amount of plutonium has been accumulated. As conver-
ter reactors, we may use thermal reactors of various kinds, as well as fast-neutron uranium reactors. |,
The latter produces somewhat more plutonium than the commonly used light-water reactors and may be
converted to breeder operation when free plutonium is present. A disadvantage of such reactors is that
their specific charge of uranium is greater than in the case of thermal reactors.

We give below the results of calculations of natural-uranium requirements for the development of
nuclear-power generation to 600 million kW after 30 years [1]. In this connection we shall investigate how
the uranium consumption depends on the type of uranium reactors used, the time when fast reactors are
first introduced, the replacement of oxide fuel in fast breeder reactors by carbide fuel, the reduction of the
length of the external cycle of fast reactors, and the conditions of operation of the atomic power stations.

In all the variants the development of nuclear power generation begins with light-water thermal re-
actors (LWR), and in the first variant it continues until the end of the period under consideration. In all
the other variants, except the tenth, fast plutonium reactors with oxide fuel (fast oxide breeders — FOB),
using plutonium that has been processed in thermal reactors, are first put into operation ten years after
the beginning of the development process. In the tenth variant this happens after 15 years instead of ten.

In addition to fast plutonium reactors, other types of reactors are constructed as needed: either _
light-water thermal reactors (LWR), heavy-water reactors (HWR), or fast uranium reactors using oxide
fuel (FOU). In the last case the construction of thermal reactors stops ten years after the start of the de-
velopment process (in the tenth variant 15 years after). In variants 11 and 12, 15 years after the beginning
of the development process the oxide-fuel plutonium breeder reactors are replaced by carbide-fuel breeder
reactors (FCB).

We give below some characteristics of all the reactors used in the calculation (Tables 3 and 4). The
characteristics approximately correspond to the average values of the data given in the literature [2-4]; for
the uranium reactors the characteristics are given in terms of equivalent quantities of natural uranium,
assuming a 0.25% concentration of U® in the tailings.

The length of the external fuel cycle is assumed to be one year for thermal reactors, while for fast
reactors this length is reduced to 0.5 year in two variants (the ninth and twelfth) 15 years after the start of
development. The load factor is 0.8 except where otherwise indicated (variants 3 and 4).

The specified time for doubhng the power T, is taken to be 2.5 years for the first decade, 4.0 years
for the second decade, and 8 years for the third decade. »

The results of the calculations are shown in Table 5. Here, in addition to the total consumption of
natural uranium over 30 years, we also give the consumption of uranium necessary after this period in or-
der to make all the thermal reactors operate until the end of their service life (30 years).

The use of fast reactors makes it possible to reduce the consumption of natural uranium by a factor
of almost 3 in comparison with LWR reactors alone. The delay in the introduction of fast reactors causes
an increase of more than 20%. in the consumption of uranium (variants 6 and 10). An important role is played
by the use of FOU fast reactors instead of LWR during the second and third decades. Because more pluto-
nium is produced in this case, plutonium reactors are preferable to LWR reactors and at a certain point in
time they will not only become self-supporting but also make it possible to replace uranium fast reactors
with plutonium fast reactors; the reason for this is that a surplus of plutonium will be produced because the
rate of development gradually decreases.
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TABLE 5. Consumption of Natural Uranium after 30 Years as Nuclear Power Generation
Develops to a Total of 600 Million kW
Total consumption after | Commitment of ther-
Variant 30 years, thousaids of rial reactors, thousands
| tons of uranium of tons of uranium
‘ - . ‘
| 1 LWR 885 1720
2 LWR +FOB 730 i1o0
3 LWR + FOB (¢ = 0.7 for all reactors after the fifst ten years 685 1000
of development)
4 LWR +FOB (¢ = 0,7 only for the LWR after the fll'St ten 670 870
years of development) B
5 LWR + HWR + FOB 400 : 375
| 6 LWR +FOU +FOB 500 33
| 7" " " {change in reproduction factor = +0,1) 450 3_3
| g - " " (change ini reproduction factor = —0.1) 555 - 33
| g " " " (duration of external cycle for fast re- 385 33
: actors is Tf= 0.5 yr for the last 15 years)
10 LWR + FOU + FOB (five-year delay in the introduction of 640 200
fast reactors)
11 LWR +FOQU + FOB + FCB (FCB is intfoduced instéad of FOB 360 33
after 15 years) '
12 LWR + FOU + FOB + FCB (T = 0.5 yr when the introduction| 300 . 33
of FCB is begun)

A considerable saving in natural uranium can be made by using heavy- -water thermal reactors (TWR)
instead of LWR reactors during the second and third decades; in variant 5 the consumption is 45% less than
in variant 2.

The reduction of ¢ occurring over a limited range of indicator values in the variants with thermal

reactors not only does not increase the uranium consumption but, on the contrary, results in reduced ura-

! nium consumption because the consumption for the LWR reactors decreases. From a comparison of vari-

| ants 3 and 4 we can.see that if ¢ is reduced to 0.7 at the same time in-thérmal reactors and fast reactors,

; then the increase in consumption caused by the deterioration in reproductive properties of fast reactors in
this case is small, amounting to only 2% of what it is when ¢ is reduced only in thermal reactors. A change
of £0.1 in the reproduction factor produces relatively small changes in the total uranium consumption (with-
in £10%).

, For the case in which nuclear power generation develops with the use of fast reactors, the total ura-
nium requirement for the 30 year period is considerably less than for the case in which only thermal reac-
tors are used. In the future, when the characteristics of fast reactors are improved and the time required

" for the external fuel cycle is reduced, this advantage of fast reactors will become even more evident.
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SELECTION OF PARAMETERS FOR A LARGE FAST REACTOR
O. D. Kazachkovskii, N. V. Krashoyarov, UDC 621.039.536

R. V. Nikol'skii, E. A. Grachev,

T. M. Ziganshin, E, V. Kirillov,

and R. E. Sekletsova

The minimum cost of electric power at which the required doubling time is provided should be the
optimization criterion in the selection of the basic parameters of a nuclear power station using fast reac-
tors. Taking this position, such power station characteristics as mean heat release rate, core flattening,
breeding factor, thermal efficiency, etc., are considered as parameters which are necessary for optimi-
zation [1, 2].

The total station power, average heating, and maximum coolant temperature determine both the
thermal engineering, as well as the physical, characteristics of the installation. For their choice, overall
optimization of the station is necessary.

Experience in designing and constructing nuclear power stations with BN-350 and BN-600 reactors
furnishes a basis for assuming that an individual power station of 1000-1500 MW (e) is now completely rea-
sonable [1]. An installation of such size makes it possible to reduce specific capital costs and the fuel
component of power cost in comparison with the BN-350 and BN-600.

As noted in [2], it is economically inadvisable to turn to the highest parameters of the thermodynamic
cycle in constructing fast power reactors. Considering this, the final choice of cycle parameters must be
made by accepting a compromise solution. On the one hand, an economic advantage appears with a reduc-
tion in temperature because of the increase in reliability and the greater breeding factor; on the other hand,
the efficiency is reduced because of the degradation of steam parameters.

Power release rate and core flattening, blanket thickness, and methods for equalization of energy
deposition determine mainly the fuel cycle costs and therefore can be selected independently of thermody -
namic cycle parameters. ‘

TABLE 1. Classification of Competing Factors Determining Optimum Heating
I. Increase in heating permits What cost item the factor II. Reduction in heat permits What cost item the
affects and how factor affects and how
1) An increase in total fraction of fuel (reduction 1) An increase in station Reduces FC and CC
in coolant fraction), which leads to: efficiency;
a) an increase in the diameter of fuel ele- | Reduces cost of fuel man- | 2) An increase in reliability | Reduces CC
ments and a decrease in their total num- | ufacture and processing (because of less danger of
ber; (FC) thermal shock);
b) an increase in the breeding factor; Reduces FC 3) A reduction in the effect Reduces FC and CC
2) Reduction in coolant pumping costs; Reduces operating cost (OC) of steel and fuel exphnsion
3) Decrease in number of feed-water heaters; Reduces capital costs (CC) at maximum permissible .
4) The manufacture of individual parts such as | Reduces CC temperatures
steam generator economizer and piping from
lower quality steels;
5) An increase in the overall reliability of the Reduces CC and FC
station '
/
Translated from Atomnaya Energiya, Vol. 30, No. 2, pp. 174-179, February, 1971.
© 1971 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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For that reason the following discussion can be divided arbitrarily into two parts.

Selection of Thermodynamic Parameters

o

The basic parameters are the sodium exit temperature and the average heating in the reactor. At
the present time, there is still no data for a final determination of the optimum values of these parameters
because there is not yet sufficient experience of the operating reliability of the basic equipment. However,
specific tendencies can be verified by means of calculations.

We consider the problem of the selection of the optimum coolant heating for fixed exit temperature
including superheat factors at constant reactor power. In Table 1, the factors tending to increase and de-
crease the optimum heating are divided into two groups. . ' ‘

in the numerical computations that were performed, factors 1) and 2) of the first group of factors and
factor 1) of the second group were taken into account. The most important input data for a power station
having 2 UO, +PuO, core as fuel is given in Table 2.

The efficiency was calculated for the thermodynamic cycle of a nuclear power station with a 500 MW
turbine and a steam pressure of 160-130 atm. The change in costs of coolant pumping is taken into account
in the value for the station efficiency.

The main results of the calculation are given in Table 3.

The results point to the following. Fuel costs are markedly reduced because of the increase in BF
and dfye] despite the resulting decrease in efficiency-and heat release. Furthermore, the effect of the in-
crease ih BF and fuel element diameter, which leads to a reduction in FC (allowing for the decrease in ef-
ficiency and Q), turns out to outweigh the effect of the reduction in thermal economy, which leads to an.in-
crease in CC. In summing these competing effects, the total cost of electric power in a given range of AT
decreases with an increase in heating. :

| Similar calculations were also made for a hypothetical version with a steam pressure of 30 atm. For
such a steam pressure and atmospheric deaerating of water, it turned out reactor heating considerably
above 250°C can be realized. The optimal heating was 260-270°C (for minimal total cost of electric power).

values for the thermal parameters of a nuclear power station with a fast reactor. We also consider it nec-

essary to draw attention to the fact that far from all the |
factors tending to increase the optimum heating (reduction
of average temperature in the reactor) are taken into ac-
count in the numerical calculations.

| v o . v

| The quantitative results obtained confirm earlier conclusions as to the basic nature of the optimum
|

|

Selection of Reactor Core and

Shielding Parameters

Average Heat Release (Q) and Flattening (8). The
average heat release and flattening S=H/D (H and D are
respectively the height and diameter of the core) for a
given thermal power of an installation determine the dimen-
sions of the reactor tank and other quantities which mainly
affect the fuel component (FC) of the calculated cost. There
is an optimum in the dependence of FC on heat release and
flattening. This can be shown by calculations using the
methods presented in [3].

TABLE 2. Input Data for Calculation

Parameter Value
Thermal power W, MW 3150
) Reactor exit temperature Tex, °C 530

Fig. 1. Dependence of FC on heat release if:tctif;;gower Q. kw/liter 508.4
Q [kW/liter] and flattening 8= H/D. Average burnup, % 10
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T ABLE 3. Computed Results TABLE 4, Blanket Parameter Values
Ty =530°C ” Oxide shield | Metallic shield
Characteristic _ _ _
AT AT AT
=200°C | =230°C | =245°C Parameter 2 2 z z
XY E I ¥E %8
. 25|gs g8 |2=H
Station efficiency (net), % 40,4 39,7 39,4 @aSiles |8 |8
Fuel fraction 0,34 0,39 0,41 Ae,b, M 8,388 8,385 8,358 8,35‘5
Breeding factor (BF 1,44 1,48 1,49 41,b, m , 36 ,400 | 0,25 5
reeding factor (BF) ' Typn ot 245 | 1,82 | 2,45 | 2,20
Diameter and thickness of fuel {5,8 X 0,36,3x0,3}6,5x0,3 FCqp kop_-lO'I/kW -0,452] —0,620] ~0,460| —0,608
cladding, mm ‘h i

Heat release rate Q,MW(t)/kg | 1,61 1,52 1,49

Total power cost, %, includ- 100 98,0 97,5 ,
ing: _ For a reactor with plutonium oxide fuel, the
capital and operating com - 100 102,0 103,0 ranges 200 < Q[kW/liter] <800 and 0.1 < B =1 were
ponents (CC + OC), % considered. The dependence of FC on Q and 8 was
fuel component (FC), % 100 88,0 | 84,0 - obtained, .as expressed by the following approximate

. . equation for W = 5000 MW:

Fraction of FC in total costs, 29,0 26,0 25,0

% FC [kopeck-10~'/kw -h] = 0.6255 -+ 1.35.10-3Q

+1.91-107%B +4,85.107Q- B+ 9.188-10-3Q2 + 6.138p2,

which is the equation for an elliptic paraboloid. Figure 1 shows sections of this paraboloid for FC =0.063-
0.067 kop/ kW-h. It is clear that flattening and average power release can be considerably varied without
leading to a marked rise in FC. The optimum values of Q and 8 are in the following ranges: Q = 300-500
kW/liter, 8= 0.3-0.4. The effect of thermal power on the shape of the optimum is insignificant although
the absolute value of the FC is a minimum for higher powers. These conclusions point to the possible
ranges of the mean release and flattening for a large reactor. Other conditions being equal, high intensity
is more favorable since the dimensions of the reactor tank are then minimal.

Blanket Parameters. Calculations indicate that the core characteristics of a large fast reactor can
be considered independent of the blanket thickness and material.

The existence of an optimum thickness (for minimum FC) of the lateral (Al.b.) and end (Ae.b.) blan-
kets arises from the fact that the breeding factor increases with an increase in blanket thickness. At the
same time, the amount of work in processing and preparing blanket units increases. For minimum FC,
the optimum average plutonium residence time in a lateral blanket (T} ) is determined by two competing
factors: a larger loading of plutonium which leads to a reduction of this time, and a decrease in expenditure
on preparation and processing which leads to an increase in the time.

Theoretical studies were made for a 2500 MW (t) reactor with plutonium oxide fuel having an average
heat release of 350-500 kW/liter. The optimum thickness of metallic and oxide blankets was considered as
well as the optimal residence time of the secondary plutonium in the lateral blanket. It was assumed that
reloading for one-, two-, and three-zone lateral blankets occurred without rearrangement of blanket units
from one zone to another. The maximum possible optimum values for blanket thicknesses were determined
(for arbitrary values of the cost indexes); they varied from 0.4 to 0.5 m depending on the type of blanket

material and the specific power (350-500 kW/liter). The optimum values of the blanket parameters are
given in Table 4.

From the values for FC, a metal blanket is nearly as good as an oxide blanket assuming the specific
cost of their preparation is identical.

Studies of one-zone, two-zone, and three-zone reloading of the lateral blanket showed that the opti-
mum thickness is independent of the reloading method as indicated in Table 5.

The optimum plutonium residence time in the lateral blanket is nearly completely independent of the
number of zones considering the fact that the optimum thickness of a lateral blanket in the multizone ver-
sion is greater than in a single zone. The use of multizone versions of lateral blankets offers no marked
economic advantages over one-zone blankets. The point is that a decrease in the average Pu residence time
in internal layers of the blanket (by way of a decrease in the loading in it) leads to a simultaneous shortening
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TABLE 5. Dependence of Lateral Blanket Parameters on Reloading Method

Metal shield (Q=500 kW /liter) Oxide shield (Q=500 kW Aliter)
Parameter
one zone I two zone |three zone one zone two zone three zone
Dihy M 0,285 0,300 0,305 | 0,400 0,410 0,415
| T1b, ¥t 2,2 2,16 2,15 1,82 1,80 . 1,79
| FCgps kop - 10°/kW-h | —0,603 —0,617 —0,619 | —0,620 | —0,627 —0,630

| of the operating period, which increasesthe processing and preparation costs. The use of zonal loading of
‘ a lateral blanket may only be necessary where there exist technical limitations on the reactor residence
r time of blanket units.

Methods for Equalization of the Energy Deposition Field. The production in the reactor core of a
stable and uniform energy deposition field is an important means for improving the economic indexes of
large fast reactors [4]. The methods used for energy deposition equalization play an important part in the
determination of the properties of a fast reactor both as a power device and as a breeder of nuclear fuel.
Equalization can be accomplishedintwo ways: by varying the enrichment of the fissioning isotope and by
varying the volumetric fraction of fuel with constant enrichment of the fissioning isotope. The first method
is called the method of equalization by enrichment, and the second, the method of equalization by composi-
tion [4].

Structurally, the method of energy deposition equalization by composition can be achieved by varying:
a) fuel element spacing, b) fuel element diameter, c) fuel density, d) fuel density by filling the cavity with
an inert diluent. In contrast to the method of equalization by enrichment, the energy-deposition field is
practically unchanged during an operating period with equalization by composition because the breeding fac-
tors of the zones are very much the same.

fuel, in which equalization of energy deposition is achieved by composition (number of fuel elements in an
assembly) and by enrichment.

For the average burnup values considered, Table 6 indicates that the breeding factor, fuel element
diameter, and average volumetric fuel fraction are higher for the method of equalization by enrichment.
| It also provides a better economic index with respect to the FC magnitude.

Table 6 presents computed results for the characteristics of reactors with oxide and metallic uranium

methods of equalization based on the variation of the shape of energy distribution and excess reactivity
during an operating period and on variation of the magnitude of the average burnup in spent fuel. The

TABLE 6. Calculated Characteristics of Reactors with Oxide and Metallic Fuel
and Energy Deposition Equalization by Composition and Enrichment

) We shall consider briefly the results of calculations which show the relative effectiveness of various

Oxide-fuel reactor Metal -fuel reactor
Parameter
composition |enrichment | composition] enrichment
Electnc power, MW 1500 1500 1500 1500
Thermal power, MW 4000 4000 - 4000 4000
Average core heat release rate, kKW /liter 500 300 500 500
Average coolant heatmg, 270 270 270 270
Average coolant exit temperature, Ty, °C 530 330 530 530
= Core flattening _ 0,3 0,3 0,3 0,3
) Average burnup, % ~5,8 —5,8 ~2,9 ~2,9
Maximum burnup, %o 10 10 5 5
Fuel element diameter dfyel, mm 6 6,5 5,2 5,3
| ) Average fuel fraction in core CE 0,441 0,532 0,363 0,437
Core conversion coefficient (CCC) 0,60 0,67 0,81 0,89
' Reactor conversion coefficient (RCC) - 1,00 1,05 1,16 1,23
Critical mass (G¢y), ton 3,73 3,98 4,79 5,32
Fuel component of estimated costs (FC), kop/kW-h 0,128 0,110 0,202 0,192

209

Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2




Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2
TABLE 7. Characteristics of Shaped Reactors .

Basic charac- ‘ Composition shaping
tertistic Enrichment shaping
. fuel elementdiameter | fuel element spacing fuel density
ef/er - 1,3 1,6 1.6 i,4
CCC 0,82 0,81 . 0,80 0,81
Bmax (%) 5 10 15 50 10 15 5 10 15 5 10 15
%eff(%) 1,6 —3,0 —4,3 | —2.0 —38 —5,4 | —2,0 —3,8 —5,4 | —2,5 —4.4 —6.2
e
Aé{' (%) —4,30 —0,40 13,50 | ~0,42 —0,74 —1,10 | —0,56 —0,9 —1,2 4-0,07 --0,07 —0,68
T
B (%) 2,97 6,25 9,10 3.00 5,8 8,70 3,00 5,85 8,80 3,20 6,40 9,75
Operating period| 0,375 0,796 1,200 0,375 ' 0,752 1,150 0,425 0,775 1,200 0,400 0,845 1,290
(yn) :

calculations were performed for two-zone cylindrical reactors with a core volume of 5700 liters, an aver-
age heat release Q =500 kW/liter, and plutonium oxide fuel. Core flattening was 0.3. It was assumed
that the shaped reactors being compared had identical average volumetric fuel fractions &y in their cores.
This approximation makes it possible to obtain an answer to our question without complicating the calcula-
tions.

For the method of equalization by composition, the ratlo of the volumetric fuel fraction in the second
zone to that in the first zone was varied over the range sF/aF =1.3-1.7. The greatest average burnup
(for a given maximum) is achieved when sfg/sIF =1.6, which corresponds to the maximum core operating
period. This is obtaxned for all methods of equalization except for density shaping, where the optimal value
in this regard is eF/s =1.4. For enrichment equalization, the minimum variability factor is achieved
for a ratiop Y pl = 1.3 of the concentrations of the fissioning isotope in the second zone to that in the first
zone. These conclusions are independent of the values of the average energy release and maximum burnup.

The calculations demonstrated that all methods of equalization by composition are equally effective
from the viewpoint of obtaining a stable energy distribution during the operating period. In shaping by fuel
enrichment, significant equalization of energy distribution occurs, as can be seen from Table 7, in accord-
ance with the relative change in the coefficient of variability AK, /K.

All the shaping methods discussed provide approximately the same average fuel burnup over an oper-
ating period although some preference may be given to density shaping. The change in reactivity during an
operating period is a minimum for equalization by enrichment, which has the highest internal breeding
factor.

It should be pointed out that the value of the CCC for metallic fuel may exceed unity with equalization’
by enrichment. (Thus for the reactor presented ir. Table 6, CCC =1, 2 for enrichment equalization in the
breeder mode.) In this case, equalization by composition may be more preferable.
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THE BRG-30 EXPERIMENTAL GAS-COOLED FAST POWER
REACTOR WITH DISSOCIATING COOLANT

A. K. Krasin, V. B. Nesterenko, UDC 621.039.526
L. I. Kolykhan, B. E. Tverkovkin,

V. P. Slizov, Yu. V. Shufrov,

Zh. L. Greben'kov, V. P. Bubnoyv,

and B. [. Lomashev

Extensive development of the nuclear power industry will be possible only on the basis of fast reactors
allowing drawing of all nuclear fuel reserves into the fuel cycle, and facilitating the organization of breed-
ing of fissionable uranium isotopes. The irradiation level of the core has to be increased to the 400-800
kW/ liter range, and coolants which do not soften the neutron spectrum in the reactor, have to be used, in
order to attain the required doubling times (6 to 8 years) corresponding to the growth rates of the power in-
dustry. Liquid-metal coolants satisfy the necessary requirements on the whole, but the use of liquid-metal
coolants in high-output nuclear power stations means a more complicated flowsheet and additional capital
investment to handle the problems of incompatibility between sodium and water, induced activity, the need
for careful cleanup of impurities, the high melting point, etc. This explains the intense research
and development work underway in the USSR and in other countries [1, 2] on gas-cooled fast reactors
using heat conversion arrangements which are simpler than the sodium variant. Gas coolants improve the
physical characteristics of reactors, and may even lower the cost of power station equipment and the oper-
ating costs of nuclear power stations. But reliance on gas coolants awaits the solution of some intricate
problems in maintaining the required amount of heat to be extracted from the core, emergency cooldown,
and leakproofing of the loop at elevated pressures.

The Nuclear Power Institute of the Academy of Sciences of the Belorussian SSR [IYafl AN BSSR],
working in collaboration with several organizations and institutes, has ventured onto a new direction in nu-
clear power studies and development, specifically the use of dissociating systems as coolants and working
fluids for process streams in nuclear power plants. A program of research, already completed, and some
design developments underway, indicate [3] that the use of dissociating nitrogen tetroxide (N,O,), which ex-
hibits some positive physicochemical and heat-transfer properties, such as: low boiling point and low heat
of vaporization, high vapor-phase density, radiation-thermal stability, low activation, etc. [4], will make
it possible to build nuclear power stations with a simple single-loop arrangement based on a gas —liquid
cycle and a gas-cooled fast reactor. )

The heat transfer coefficients are increased through highly effective thermal conduction and high
specific heat, accountable to the heat of the chemical reactions and the concentration-dependent heat trans-
fer in a nonisothermal mixture, which makes it possible to attain the required level of heat extraction from
the core at acceptable pressures (130-160 atm) and at acceptable gas flowspeeds (30-50 m /sec), while
markedly improving the weight and size picture of the heat-exchange equipment. Turbines working on NyO,
require one-fifth to one-fourth the amount of metal in their design as steam turbines do. At temperatures
of 520-540°C and pressures of 130-170 atm, the efficiency of a nuclear power station with N,O; as working
fluid is greater than in similar simple cycles based on CO,, H,O, He, etc.

The work already done in this area demonstrates some essential improvements (as much as 20 to 30%)
in engineering cost figures for nuclear power stations with fast gas-cooled reactors using dissociating ni-
trogen tetroxide, when compared to nuclear power stations using sodium coolant.

Translated from Atomnaya Energiya, Vol. 30, No. 2, pp. 180-185, February, 1971.

© 1971 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.

211

Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2




Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2

I
J

Y
-

e S S S ——

Fig. 1. BRG-30 reactor facility basic flowsheet: 1) reactor; 2) cooldown system gas
blower; 3, 11) ejectors; 4, 8) coolers; 5, 10, 16) condensers; 6) fill tank; 7) tanks for
turbine lubrication system; 9) adsorber bed; 12, 13) high-pressure and low-pressure
parts of turbine, respectively; 14) cooling tank; 15, 26) BROU; 17) coolant cleanup -
system; 18) vacuum system; 19, 21) low-pressure and high-pressure tanks, respec-
tively, in main loop; 20) make-up system tank; 22) cooler for partial modes; 23) pump
for bearing lubricant system; 24) reheater; 25) steam generator; 27, 30) mechanical
cleanup filters; 28) condensor for biological shielding cooling system; 29) fired boiler.

An experimental power facility incorporating a gas-cooled fast reactor which uses dissociating coolant
(the BRG-30 fast reactor facility) is being developed for service-life tests on fuel elements and reactor sys-
tems, for working out the technology of this new coolant, for cleanup and emergency cooldown systems, and
in order to accumulate operating experience with the basic subassemblies and subsystems of the power loop,
and also to solve problems arising in connection with the development and improvement of recommendations
onthe design and operation of high-output nuclear power stations utilizing this dissociating coolant.

In assigning the physical and heat-transfer parameters of the reactor, and the characteristics of the
thermodynamic cycle, in terms of temperature and pressure, it was assumed that the BRG-30 facility must
reproduce the operating conditions of similar high-output reactors rated in the_1000—2000 MW (e) range, in
terms of core burnup (450-600 kW) at pressures 130-150 atm, and with the temperature of fuel-element
cladding at 720-740°C. - ‘

A gas —liquid cycle with intermediate regeneration and intermediate bleed features downstream of the
high-pressure turbines was selected for the BRG-30 facility. The reason for this was the relatively low
thermal power output of the reactor and the correspondingly modest volume flowrates of coolant. Interme-
diate bleed with coolant condensed in a condenser — reheater was introduced in order to obtain an acceptable
height of blading for the high-pressure turbine, and to facilitate single-pass reactor core design. The basic
characteristics of the BRG-30 are listed below:

212

Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2




Thermal power output of reactor
Electrical output of generator

Coolant flowrate:
through reactor

through low-pressure turbine and condenser
Thermal power output of:

regenerator
condenser — reheater
condenser
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30 MW
11 MW

62 kg/ sec
38.2 kg/ sec

6.02-10" keal/h
0.84-107 keal/h
1.75-10" keal/h

In_consideration of the problems to be solved through developing the BRG-30 geactor facility, the ef-
ficiency obtained (above 30%) is fully adequate to the purpose.

4 & /|
7
////
/{/r‘”
5
£ NN
VR
]
0222
Q22
BEZZD
|x{zze]
£ 2721
B/
82
BM/
. |8ZZA4y
nezza
b=
7 — |
-
6~ il i 4 7
il
9\ ( il ||I 72
Hiliiiey
(IR A
. R
0 B
1 1' ]

%%

Fig. 2. Longitudinal section through
BRG-30 reactor: 1) refueling mech-
anism; 2) small rotating plug; 3) re-
actor cover; 4) bolted flange; 5) re--
actor pressure vessel; 6) large ro-
tating plug; 7) side shield of pressure
vessel; 8) fuel assembly; 9) header;
10) control rod assembly; 11) bottom
shield; 12) shield assembly.

In view of the great difference in loop pressures, as
well as the need for simplicity in equipment fabrication, and
the need for improved conditions for preventive maintenance,
repair work, and replacements, a circuit variant of equipment
arrangement was adopted for the purpose of testing out the var-
jous subsystems. The heat-exchange equipment was set up on
two autonomous subloops of the main loop. "The BROU units
were connected up in parallel to the turbines. This makes it
possible to operate the reactor with one of the subloops not
functioning, or with the turbogenerator shut down. The basic
flowsheet of the BRG-30 facility is shown in Fig. 1. The cool-
ant is circulated by the low-pressure pumps 19 and high-pres-
sure pumps 21, whose working fluid is liquid nitrogen tetroxide.
Downstream of the high-pressure pumps, the cooldnt is fed in-
to two parallel subloops, where it is heated in the condenser
— reheaters 24, and is superheated in the regenerators 25, and
enters 'the reactor 1 in gaseous form at the temperature 402°C.
The gas emerging from the reactor passes through the high-
pressure turbine 12 to enter the regenerator, and from there
a part of the stream from each subloop is supplied to the low-
pressure turbine 13, and from there to the condensers 16. Ap- °
proximately 38% of the coolant is collected in the reheaters,
where it is condensed, and enters the medium-pressure header
between the low-pressure and high-pressure pumps.

'Reactor

A longitudinal cross section through the reactor appears
in Fig. 2. The reactor vessel is cylindrical, while the vessel
cover and bottom closure are elliptically domed structures
made of 48TS steel clad on their inner surfaces with Kn18N9
steel. The inner diameter (of the cylindrical portion of the ves-
sel) is 1400 mm, the wall thickness 125 mm. The cylindrical
part features two entrance and two exit pipe connections for
coolant (with inner diameter 150 mm). ~The coolant flows
through the reactor from top to bottom. The top of the reactor
pressure vessel features one large and one small rotating plug
{6, 2), which, together with the refueling system, facilitate re-
loading of fuel assemblies and discharge of fuel assemblies,
from the core to the spent-fuel cooling area, and from the re-
actor. The drives for the rotating plugs and refueling mech-
anism are located on the reactor cover 3.

The core and the side reflector consist of hexagonal ceils
forming a dense packing. These cells are accommodated by
their shanks in the collector 9. The bottom shield cage is
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coupled to the bottom end of the collector, and the shell with push rods and the side shield of the reactor
pressure vessel rest on the top of the collector.

The reflector material is steel 400 mm thick. The side shield of the reactor pressure vessel is also |
made of steel. The shield under the reactor cover is a layer of steel 480 mm thick, and the rotating plugs |
consisting of alternatlng layers of steel and graphite, with a total thmkness of 1300 mm, also serve as top
shielding.

The basic characteristics of the reactor core are:

Fuel-element diameter 6.9 mm

Fuel core diameter - 6.0 mm
Thickness of fuel-element cladding 0.4 mm -
Pitch of fuel elements in triangular lattice 7.6 mm
Number of fuel elements in assembly ' 37
Fuel assembly width across flats 50 mm
Spacing of fuel assemblies _ 51 mm
Thickness of fuel-assembly cladding o 1.0 mm
Core height ' , ' 450 mm
‘Number of fuel assembhes
at start of campaign 56
at end of campaign ‘ 68
Volume composition of core: \
fuel 46.5%
steel o : 21%
coolant . ’ 31%
helium sublayer in fuel elements 1.5%
Uranium loading (90% enrichment) 151 kg
Depth of burnup _ 10%
Campaign » 430 days
Unevenness factor: ' ' o
at start of campaign 1.15/1.12 . {
at end of campaign v 1.14/1.10 |
Peak neutron flux _ v 2.1- 10" neutrons/cm?. sec ‘\
Peak fast flux (E >0.5 MeV) 1.2-10% neutrons/cm?: sec
Number of control rods (in reflector) : 2 ‘
Number of rods in set : 5 !
Number of scram protection rods .2 _ ‘
Specific burnup at start of campaign _ 502 kW/ liter
Peak fuel-element cladding temperature with superheat A '
factors taken into account N 727°C
Peak temperature at center of fuel 2300°C
Average flowspeed of coolant: .
at center of core - 27.1 m/ sec
on periphery of core - : : 16.2 m/ sec
Average thermal loading of fuel elements » : 1.215-10% keal/ m?-h

The des1gns of the fuel elements and fuel assemblies are similar to the des1gns adopted for those in
the BOR-60 reactor. The fuel elements are hermetically sealed, in cladding of £I-847 steel. Each assem-
bly accommodates 37 fuel elements spaced by spirally wound elliptical wire. The steel reflector withapres-
sure expansion compensating volume, within which excess pressure is established in the fabrication of the
fuel elements in order to partially balance off the external pressure exerted by the coolant, is welded to the |
top of the cladding. The fuel, in the form of pellets of sintered uranium dioxide 90% enrlched with U235 is
placed in the active part of the 450 mm high fuel elements.

The average burnup of the core of this experimental reactor is set at 500 kW/ liter. When heat ex-
change is intensified by applying an artificially fashioned rough surface to the cladding of the fuel elements,
etc., the burnup level of the core can be raised to 700-800 kW/ liter without making any substantial changes
in the cycle parameters. Inthis case the heat transfer coefficient at the exit from the central fuel elements
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is raised from 6 -10% to 17 - 10° kcal/ m?-h while pressure losses in the channel are moderate (3.0 to 3.5
kg/ em?). ' : '

Primary Loop Equipment

. The turbine is a single-shaft axial-flow integrally cast body with horizontal split, once-through flow
passages for the high-pressure and low-pressure streams, and opposed flow of gas in order to reduce axial
stress levels; the high-pressure part has seven stages, and the low-pressure part has eleven stages. The
‘operating speed of the turbine (3000 rpm) makes it possible to connect the turbine output shaft directly to a
12 MW batch-manufactured generator. The axial thrust bearing and the radial bearings are hydrostatic
bearings working on liquid nitrogen tetroxide. A contact seal and a bearing-stand seal are installed on the
output end of the shaft, in addition to labyrinth seals. Liquid nitrogen tetroxide is supplied to lubricate the
bearings, or clean them out, and cooling is handled by a special lubricating system (see Fig. 1, arrows 7,
14, 23). A special system (8-11 in Fig. 1) handling compression, purification, and dehumidification of air
is provided to expedite the work of the shaft-end seal.

Kh18N10TL steel is used for the turbine casing, f]I—612 steel is used for the turbine runner, rotary
blading, and nozzle blading, and Khi18N10T steel, chromium-plated ZKh13 steel, and AG-1500 carbongraph-~
ite are used for the parts in the seal assembly.

Taking into account the purpose of the experimental facility, the low volume flowrates of gas, and the
fact that shaft rpm is well below optimum, we can infer that turbine operating costs are relatively modest:
0.81 at 6430 kW for the high-pressure part of the turbine, and 0.83 at 4500 kW for the low-pressure part
of the turbine. ' '

" The main circulating pumps are centrifugal-flow, multistage machines connected directly to their
electrical drives. The low-pressure pumps and high-pressure pumps are similar in design. The bearings
are hydrodynamic, and lubricated by liquid nitrogen tetroxide. The runners are shrouded, with milled
blades and the forward runner disk is welded on. Pump characteristics are listed below: '

Low-pressure High-pressure

Throughput, kg/sec 19.1 31
Number of stages 5 7
Pressure:

at entrance, kgg,pce/cm’ 1.4 60

at exit, Kggopce/ oM’ 60.5 147
Shaft rpm 2950 2950
Pump efficiency, % - 52 53
Pump power intake, kW 150 386

The casing and the parts on the flow path of the pumps are made of Kh18N10T and Kh18N10TL steels,
while the rubbing parts of the pump rotor bearings and thrust journal are made of 9Kh18 steel with enhanced
surface hardness, and siliconized SG graphite. In the shaft-end seal, AG-1500 carbon graphite and ZKh13
steel with chromium-plated exposed surface are used.

Regenerator and Condenser — Reheater, The heat exchangers are of modular type, counterflow, smooth-
tubed, tubeside flow of high-pressure coolant, shellside flow of low-pressure coolant. The heat exchangers
are distinguished by the number of sections included in parallel by the length of the modules. The modular
vessel is U-shaped, and made of tubing 83 x 4 mm. The vessel accommodates 19 tubes, sized 10 X 1 mm,
spaced 15 mm apart in a triangular lattice.

The total area of the surface available for heat transfer in the two regenerators is 2500 m?, and 604
m? in the two reheaters. Each regenerator comes in 57 sections, the reheaters in 27 sections. Two identi-
cal modules are connected in series in each section. The identical design of the modules of the reheater
and regenerator, and the use of bare tubes, simplify the fabrication technology, but the total heating sur-
face area increases as a result. The use of modules of optimum size and type, with finned tubes, makes
it possible to cut the weight and size of the heat exchangers by several factors while increasing the gas flow-
speed.

The condensers are of conventional design, with a horizontal bundle of round bare tubes, and four
runs of piping for cooling water. The water is cooled in cooling towers to the rated temperature of +20°C.
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One condenser is installed on each subloop. The tube bundle consists of 4864 tubes sized 21 X 1 mm with
a triangular pitch of 32 mm. The total surface area available for heat transfer in the condenser is 1481

2
m*,

Kh18N10T steel is used in the heat exchange equipment and in the piping.

The positive qualities of dissociating N,0; make it possible to solve the reactor emergency cooldown
problem rather simply, in a three-stage operation. Cutoff of the primary loop is followed by short-term
blowdown of the reactor withscavenging gasfrom a pressure cylinder blown through by means of the ejector
3, and with subsequent condensation of the gas in the condenser 4. After the gas blower 2 is stérted, the
gas is moved by forced circulation with cooling to the cooler 4. After residual heat release has been di-
minished and the temperature of the reactor process equipment has been lowered in accordance with the
specified program, the system is brought to long-term cooldown conditions with natural circulation of the
liquid nitrogen tetroxide. ' '

Figure 1 (17) shows one of the possible arrangements for purifying the coolant to get rid of liquid and
solid impurities, as well as gaseous products of thermal decomposition and radiation decomposition of the
coolant, and fission products. Removal of liquid contaminants is hased on the mass transfer principle,
while gaseous impurities are removed on the basis of deaeration and freezing-out principles. Corrosion
products and other solid particulate matter are picked up in mechanical filters. The coolant is bled from
the condensers for purification in amounts of approximately 1% of the total flowrate.

In addition to the above-mentioned systems for normal operation of the reactor, there are the evacua-
tion system 18, make-up system 20, water-supply system, and several others. '

A fired boiler 29 was connected to the stream, parallel to the reactor, in order to shorten the time
required to debug the process equipment of the primary loop and auxiliary systems to facilitate operation
of the systems in the prestartup period, and also to get one of the subloops working with nonradioactive
coolant on stream. This 15 MW (th) boiler made it possible to operate one of the subloops at normal cool-
ant parameters and with only a partial load on the turbine. ’ .
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LIST OF REPORTS PRESENTED TO FIRST PANEL
OF THE COMECON '70 CONFERENCE

Physical Characteristics of the V-3M Reactor — G. Ya.

Andrianov et al. (USSR)

Experiments designed to determine the physical characteristics of uranium—water lattices, and car-
ried out on a test stand at the I. V. Kurchatov IAE [Institute of Atomic Energy] and at the Novaya Voronezh'
nuclear power station [NVAES] when the second power unit was started up, are described.

Results of measurements of the dependence of the geometric shape factor B% and of the effectiveness

" (worth) of control rods on the concentration of boric acid in the moderator, at t = 20°C, are presented.

Control rod worth values were measured for three variants of a fully scaled-up core. Results of core
safety experiments are also cited.

Experiments designed to determine control rod worth (both differential and integrated worth values)
as a function of moderator temperature and as a function of the concentration of boric acid in the moderator,
carried out directly during the startup of the second power unit at the Novaya Voronezh' nuclear power sta-
tion, are also described.

The experimental data obtained are of utmost value for correcting computational procedures in the
design of reactors of this and similar types. '

New Results on Research Carried out by the Rossendorf Central

Nuclear Research Institute in the Field of Reactor Physics (GDR

[German Democratic Republic (East Germany)])

~ Research work done at the Central Nuclear Research Institute in the field of reactor physics has been
geared to the solution of problems in procedures and techniques. Particularly noteworthy are: 1) theoreti-
cal work: in expanding the potential applications of the Monte Carlo method applied to nuclear reactor de-
sign calculations; development of computer programs for computing correlation functions; calculations of
the Doppler effect based on transmission functions; 2) experimental work: design of a pile oscillator with
reactivity sensitivity Ap = 10'8; testing out statistical techniques in the measurement of negative reactivi-
ties; looking into possibilities of improving means of monitoring the on-stream performance of power re-
actors in nuclear power stations through the use of dynamic methods; investigations of the dependence of
kinetic effects in the annular core of the type RRR reactor at Rossendorf on the specific site in the core,

Basic Operating Characteristics of the Reactor of the Second Power

Unit of the Novaya Voronezh' Nuclear Power Station — L. M. Voronin,

F. Ya. Ovchinnikov, S. N. Samoilov, Yu. V. Mal_kov, V. K. Sedov,
Yu. V. Markov, A. S. Dukhovenskii, and A. I. Belyaev (USSR)

Translated from Atomnaya ﬁnergiya, Vol. 30, No. 2, pp. 185-191, February, 1971.

© 1971 Consultanfs Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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Operatipg Expgrie-nce of the Rheinsberg Nuclear Power Station - '

— Z. Mendel (GDR)

Investigation of the Radiation Environment at the First and

Second Power Units of the Novaya Voronezh' Nuclear Power

Station — V. N. Mironov, G. V. Matskevich, P. V. Teplov,
V. A. Kazakov, Yu. A, Akkuratnov, 8. N. Samoilov, Yu. K.
Gladkov, and V. B. Dobrynin (USSR)

Results of experimental investigations are cited. A theoretical analysis is presented of processes
governing the formation of the radiation environment at the nuclear power station under different sets of
operating conditions.

The report takes up the following topics: biological shielding and devising a special container to fa-
cilitate preventive inspection of the reactor pressure vessel of the first power unit of the Novaya Voro-
nezh' nuclear power station; investigation of processes by which fission products from nuclear fuel in the
primary loop of the VVER reactor build up, and development of a mathematical model of these processes;
effect of coolant cleanup on the formation of radioactive deposits throughout the primary loop, and analyti-
cal dependences governing the pattern of buildup of radioactive Co®® deposits in the primary-loop system.

A set of measures for improving the radiation environment under normal operating conditions of the .
nuclear power station, and also in preventive inspection of equipment and in repair and maintenance work,
is recommended on the basis of the research done and on the basis of calculations. :

Development OQutlook for Pressure-Vessel Boiling-Water Reactors

with Natural Circulation of Coolant — I. N. Sokolov, V. I. Barybkin,

I. A. Pilat'ev, and V. P. Evstigneev (USSR)

The hydrodynamics of the natural circulation circuit for a pressure-vessel type reactor are dis-
cussed. It is shown that recourse to artificial measures to smooth out the power release pattern makes
it possible to attain average specific burnup levels as high as 60 to 70 KW/ liter. It is also demonstrated
that the limiting factor at high average steam content levels is the margin to burnout, rather than reson-
ance instability of the core. '

The recourse to internal resources of a boiling-water reactor (supplying water at different degrees
of subcooling to various parts of the core, rearrangements of fuel assemblies, self-flattening of the power
field according to the degree of burnup, application of artificial measures to lower the volume stream con-
tent) makes it possible to step up the percentage fuel burnup appreciably.

The VK-50 facility is used as illustrative example in correlating the actual and expected cost charac-
teristics of a boiling-water pressure-vessel type reactor,

Effect of Various Engineering Shielding and Protection Devices at

Nuclear Power Stations with Pressurized-Water Reactors on Re-

lease of Radioactive Materials to the Environment — W. Burkhardt,

H. Eichhorn, and W. Schimmel (GDR)

Radioactive discharges to the surrounding territories from nuclear facilities occur under normal
operating conditions, and also as a result of discharges to the surroundings in response to infrequent and
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extraordinary events or catastrophes, the possibility of which can never be totally excluded. The average
annual quantity of discharges in response to extraordinary events must not exceed the total quantity of dis-
charges occurring under normal operating conditions.

Possible accidents are analyzed with the aim of promoting future safety by taking the appropriate
measures, with technical possibilities and costs taken into account,

Investigations of the effect of various nuclear power station components (such as the loops, reactor ’
emergency cooldown, etc.) on radiation hazards were carried out.

Stress is laid on the need to generalize nuclear power station operating experience, in dealing with
the probability of malfunctioning of various components.

Improvements in the method of accident analysis and its applications are recommended, for example
for the process monitoring and meéasuring instrumentation, automation, electrical systems, etc.

The conclusion is drawn that the ultimate results have to include calculations of the yearly average
exposure dose to the population, and this, together with the exposure brought about under normal operating
conditions, must not exceed tolerable dose levels.

Distribution of Deposits and Their Activity on the Surfaces of

Equipment and Piping of the Single-Loop VK-50 Reactor ~ L. N.

Rozhdestvenskaya, Yu. G. Lavrinovich, Yu. V. Chechetkin,
A. I. Zabelin, and T. S. Svyatysheva (USSR)

H_igh»-Powe’r Steam ’Genevrator_s,for Nucl'ear‘Powe[r_St_at_i_ons with

’ Water-Cooled Water-Moderated Reactors — V. F. Titov, V. I.
| "

| Grishakov, G. A. Tarankov, V. G. Suprunov, V. P. Denisov,
g

and V. V. Stekol'nikov (USSR)

| Designs of horizontal and vertical steam generators for the power units of nuclear power stations
with 1000 MW (e) VVER reactors, and four circulating subloops, are discussed. Light is shed on the basic
aspects of the design of transportable steam generators of large unit power output. The groundwork is doné
for basic solutions acceptable in the development of the basic design components of steam generators. It
is shown that a large number of experiments in the hydrodynamics of a water — steam mixture steam sepa-
ration, and studies of the material strength of various component assemblies, are helpful in improving
reliability while stepping up the unit power output of nuclear power station process équipment, including
the steam generators. Possibilities of designing steam generators with natural circulation of boiler water
and generation of superheated steam are analyzed.

Experimental Developmental Work and Operation of Several Variants

of Control Mechanisms for Water-Cooled Water-Moderated Power

Reactors — V. D. Shmelev, A. 8. Sokolov; V. S. Anisimov, V. V.
Stekol'nikov, V. P. Denisov, V. I, Naletov, and V. E. Glot (USSR)_

Results of experiments on experimental development and operation of helical control mechanisms
used on reactors and process equipment now operating in the USSR are reported. -

The helical control mechanisms, of simple design, are capable of reliably displaéing control actua-
tors of considerable weight. For example, in the usual design of control actuators for water-cooled water-
moderated reactors in use in the USSR, the actuators weigh 300 to 400 kg.
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Design variants of the helical control mechanisms and ways of improving these design variants on the
basis of operating experience with some of them, are reported.

The basic characteristics of helical control mechanisms for existing equipment, and experimental
data on development and improvements in helical control mechanisms, are reported.

Measurement of Fission Fragment Concentration in the Primary

Loop by the Delayed Neutron Method — J. Moravek 'and E, Hladky (CSSR)

A method for measuring delayed neutrons by monitoring fission fragments present in the primary
loop of a gas-cooled nuclear reactor installation is described. An algorithm is derived for calculating sen-
sitivity in detection of fission fragments. Results of calculations of the dependence of sensitivity on the
basic parameters of the reactor and detector are presented. The basic parameters of the detector are
optimized theoretically, and a suitable design is proposed.

An estimate is presented of the method from the vantage point of the chemical state and of the behavior
of radioactive iodine in the primary loop and in the piping, sampling, and possible use of samples for back-
up monitoring of leaks in the fuel elements.

KGO* Delayed~-Neutron Subloop System for Fuel Elements — L, I,

Golubev, V. P. Kruglov, and Yu. A. Borisov (USSR)

A déscription is presented of a system for delivering samples and handling secondary equipment for
the KGO subloop system of fuel elements, for pressure-vessel type reactors with a rod system compensat-
ing excess reactivity.

Results of the operation of a KGO system continuously monitoring the state of fuel-element cladding
in the VVER-1 reactor system, over the course of two reactor campaigns, are presented. Experiments
designed to determine the core regions with leaky fuel elements by a method centered on local reductions
in power output are described. The results are compared to thé results for assembly type KGO arrays in
shut-down equipment. Several technical characteristics of the KGO subloop system for a VVER-1 reactor
are cited.

Improvements in Water Management and Heat Transfer Equipment

Equipment for Single-Loop Nuclear Power Stations — T. Kh.

Margulova and F. G. Prokhorov (USSR)

At the present time, the reliability of the water management system for single-loop nuclear power
stations is established by 100% condensate cleanup, with the turbine condensate and discharges from all
the reheaters passed through the cleanup step. Reheater tubing is made of stainless austenitic steels.

The following positive results can be attained by improving the water management system: cheaper
condensate cleanup; use of brass reheater tubing; not pouring reheater discharges into the condenser, and
thereby lowering the cost of the turbine installation; eliminating a cooler for the separated steam, which
also lowers the cost of the installation; refraining from plating the reheater vessels; making all the con-
densate piping of carbon steels. ' '

Experimental research was conducted as part of the effort to realize the proposed scheme, and at-
tention was centered on efficient use of the anion exchange resin in an alkaline stream, and on thermal
stability of the cation exchange resins.

*KGO — FECM.
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Problems Overcome in the Building of Electric Power

Generating Stat‘ions in the German Democratic Republic

— K. Rambusch (GDR)

In the light of the widespread use of nuclear power stations to meet the needs of the GDR in electric
power and heat power, requirements have been advanced for an international division of labor in this area,
particularly in regard to work done in the GDR.

The necessary prospective requirements for the growth of the power outputs of individual power units ‘
and of the nuclear power station as a whole are presented. The effect of siting of nuclear power is also
considered. Fundamentally necessary costs, for the installation and for the national economy as a whole,
are pointed out. v . '

The Concept of Radiation Safety for a Nuclear Power Station

— E. Hladky, J. Kopec, Z. Melichar, and J. Moravek (CSSR)

Exact definitions of the concept of radiation safety with application to nuclear power stations are dis-
cussed. The basic aspects of radiation safety, and methods for approaching the solution of the problem,
are reviewed in terms of the type of reactor, the function of the reactor, and its siting. Fundamental pro-
blems are pointed out and their role in the overall solution of nuclear power station safety problems is

evaluated. The general concept of radiation safety is put forth, special aspects of the solution of the pro-
blem and the corresponding investigative efforts for specifictypes of nuclear power stations are discussed.

Procedures and Periodic Monitoring of the State of Metal in

Radioactive Loop Process Equipment — N. N. Shabanov and

V. A. Mentsov (USSR)

Measures for achieving representative monitoring of the state of metal in loop process equipment,
and for improving the operational reliability of nuclear power station equipment, have been worked out on
the basis of analysis and generalization of operating experience acquired at both foreign and Soviet nuclear
power stations, as well as results of investigations of nuclear power stations already in service or recent-
ly brought into service.

Information is provided on investigations of the inner surfaces of two top shells for the pressure
vessel in the water-cooled water-moderated reactor of the first power unit in the Novaya Voronezh' nuclear
power station, including the sealing surface of the principal joint, and the inner surface of the "hot" reactor
piping connections. : :

The investigative procedure is based on the use of an inspection booth, which offers biological shield-
ing to protect the personnel working in the booth from radioactive objects, and alsomakes it possible to pre-
pare the surface of the pressure vessel for examination and analysis by nondestructive testing methods.
The following methods were used in the work: visual inspection (some parts of the equipment were photo-
graphed), dye-penetrant methods, and eddy-current methods.

Results of an examination of the second and third power generating units "in the Novaya Voronezh' nu-
clear power station are cited.

After a "hot run-in" of the primary-loop process equipment in the first power unit, visual inspection
was performed and the state of the metal was investigated by various methods.

The procedure used and the results of an examination of the pressure-vessel in the VZ-M equipment
were reviewed. An ultrasonic pulse-echo method was used to inspect welded joints in the shells of the ves-
sel and in the bottom closure of the equipment, as well as the ring seal on the vessel cover. An ultrasonic
reflection-shadow method was used to examine welded joints on pipe connections. Information on the re-
sults of an examination of welded joints in the basic circulation piping, made of austenitic steel, by a visual
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inspection method and the dye-penetrant method, was also reported. Research on development of proce-
dures for 1nspect1ng bends in the basic circulation piping, made of austemtlc steels, has been carried
forward.

The preliminary procedure in the investigations, including visual inspection, ultrasonic nondestruc-
tive testing, and dye-penetrant nondestructive testing, of the metal, are cited in detail in the article.

Some Safety Problems for Nuclear Power Stations with VVER

Reactors — V. F. Ostashenko and I. I. Bumblis (USSR)

Hypothetical Accident at a Nuclear Power Reactor with a

Pressure-Vessel T'ypé Réactor — B. A. Dement'ev and V. D.
Kuznetsov (USSR) '

Results of an 1nvest1gat10n of the consequences of an accident presumably due to a burst of the circu-
lation loop at a nuclear power station with a pressure—vessel type reactor are reported. Analytical models
making it possible to secure the needed information for subsequent analysis of the post-accident radiation
environment are discussed (pressure fluctuations in the primary loop and in the reactor rooms; tempera-
ture conditions of the fuel elements; time behav1or of core meltdown).

Some aspects of the progress of an accident of this type are discussed. Some of the results of an ex-
perimental investigation of this type of accident processes, carried out on a model, are reported, The
acceptability of the approach used for analysis of the consequences of ‘accidents of this type is confirmed.
The results obtained can be used in evaluating the consequences of a presumed accident occurring in the
primary loop of the nuclear power station with a VVER reactor.

Calculations of Changes in the Parameters of the Primary Loop

of a Nuclear Power Station with Water—VCooled Water—‘Morderated

Reactors in the Event of Piping Bursts — B. K. Mal'tsev,
D. Kh. Khlestkin, L. V. Stavritskaya, and V. P. Kanishchev (USSR)

An analysis is given of emergency conditions brought about by leaks or ruptures occurring in com-
ponents of the primary loop in a nuclear power station with water-cooled water-moderated reactors. Data
generalizing experimental research on determinations of critical flowrates for hot water are cited. Equa-
tions for conservation of energy and mass, and the equation of state, making it possible to determine the
pattern of variation in coolant parameters as leaks appear in the loop, are presented on the basis of a mul-
tiregion model of the primary loop.

Calculations of variations in pressure, flowrate, and weight level in the equipment, in response to
rupture of the Du-500 main circulating piping in an installation with a pressure-vessel type reactor, are
cited as illustrative examples. A comparison is offered with similar data reported in the USA.

Prospective Applications of Complexing Chelates in Nuclear Power

— T. Kh. Margulova, N. G. Rassokhin, S. A. Tevlin, Yu. E. Levedev,
and S. V. Bogatyreva (USSR)

Several topics are taken up in this paper: 1) application of sequestering agents and compositions based
on them for decontamination operations before startup and during regular service, the advantages offered
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by such agents, and results of full-scale on-stream applications; 2) improving the corrosion resistance of
structural materials by treatment with chelating agents (in the case of pearlitic steels, cladding materials),
results of research on subloops, in autoclaves in industry (operating and test-stand modes); 3) effect of
chelating treatment of hydrogenation of steels; 4) use of chelating agents to correct water conditions, re-
sults of research on subloops and in capsules; 5) further development of reseaxrch work in the field of ap-
plications of chelating agents in nuclear power,

Some Topics Concerning the Physics of Reactors in the Belyi

Yar Nuclear Power Station — Yu. I, Mityaev, V. K. Vikulov,
and V. M. Shuvalov (USSR) '

M'ethods for Starfup and Operation of Channel Type Uranium

—Gra.phi'te. Reactors with Tubular Fuel Elements and Nucle_axj

Steam Superheat — P. I. Aleshchenkov, G. A. Zvereva, G. A.

Kireev, G. D. Knyazeva, V, I. Kononov, L, I. Lunina, Yu. I.

Mityaev, V. P. Nevskii, and V. K. Polyakov (USSR.)

Design Features of a High-Power Uranium — Graphite Channel

Type Reactor — N. A. Dollezhal’', Yu. M. Bulkin, K. K. Polushkin,

Yu. N. Klement'ev, V. V. Rylin, V. I, Krylova, G. M. Kondrat'ev,
I. I. Grozdov, and K. V. Petrochuk (USSR)

A heterogeneous boiling-water type channel reactor, burning uranium fuel and graphite-moderated,
designed for generation of electric power, is described. The electrical power output rating is one million
kW. Water and a water — steam mixture are used as coolant. The reactor installation includes the reactor,
a multiple forced circulation loop, a loop for the reactor control and protection system, the gas loop, a
side shield cooling loop, a drainage system, a system cooling the holding tank water, and other ancillary
systems. ' :

Materials approved for long-term operation of nuclear reactors are employed as basic structural
materials for the reactor assemblies and subassemblies..

The biological shielding of the reactor meets the public health regulations for the radiation environ-
ment during normal operation, in all the rooms accessible to personnel around the reactor pit and in the
central hall, '

The heat transfer monitoring system puts out recorded data on the f)ara.meters characterizing reactor
operating conditions.

Radiation Safety Aspects in the Design and Operation of Channel

Type Power Reactors — A, P. Veselkin, V. P. Sklyarov, Yu. E.

Khandamirov, and A, I. Yashnikov (USSR)
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Design of Uranium — Graphite Channel Type Reactors with

Tubular Fuel Elements and Nuclear Steam Superheat — N. A.

Dollezhal', P. I. Aleshchenkov, Yu. V. Bulankov, and G. D.
Knyazeva (USSR) '

Note on Ways of Increasing the Unit Power Output of Nuclear

Power Station Power Generating Units — N. A. Dollezhal’,

-B. B. Baturov, Yu. I. Koryakin, V A, Chernyaev, and I. I.
Zakharov (USSR)

It is demonstrated that the discontinuity found in the nuclear power industry between the unit power
outputs of a reactor and steam-driven turbine sets operating in unison with the reactor have been increas- |
ing. The negative economic effects stemming from this disproportion will become particularly strongly ‘
felt in the near future, when the problem of labor costs in operating nuclear power stations will loom large,
along with capital investment costs. !

Possible ways of raising the unit power output of steam turbine installations are analyzed. The use
of low-temperature binary cycles leading to the highest increase in unit power (ten times, theoretically)
is demonstrated. :

Results of cost savings comparison estimates for nuclear power stations with uranium — graphite
thermal reactors using steam — water turbine sets and water — freon turbine sets are presented. i

Binary turbine sets of large power output will make it possible to improve the engineering cost pic-
ture of nuclear power stations appreciably. ‘

Management of Water and Chemicals at a Nucleaf Power Station

with a Channel Type Reactor and Nuclear Steam Superheat — O. T.

Konovalova, T. I. Kosheleva, V. V. Gerasimov, L. 8. Zhuravlev,

and G. A. Shapov (USSR)

Some Topics Concerning Water Management at Nuclear Power

Stations with Boiling-Water Reactors, and Selection of Structural

Materials — B. A. Alekseev, V. A. Ermakov, and V. ¥. Kozlova (USSR)

The basic principles guiding the selection of water treatment conditions for single-loop nuclear power
stations with boiling-water reactors are discussed. A neutral, i.e., an "uncorrected," water management ;.
setup characterized by the value pH,;» = 6.5 to 7.0, and by avoidance of any means for suppressing oxygen
formation, is recommended on the basis of experiments carried out on subloops of the MR reactor at the
I. V. Kurchatov Institute of Atomic Energy [IAE]. This approach is the basic one for new nuclear power
stations with boiling-water reactors now being planned in the USSR. It was established, through measure-
ments taken on the subloop of the MR reactor, that the rate of efflux of gases originating in radiolysis of
water in the fransition from pressure-vessel type reactors to channel type reactors (the type used in the
Belyi Yar Nuclear Power Station) decreases by several factors.

Analysis of literature reference data and results of test sta_nd and loop studles carried out in the
Soviet Union, demonstrate the applicability of pearlitic steels, in principle, to fabrication of some compon-
ents in the reactor loop, and in the steam flow lines and passages for condensate and feedwater,
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Arguments are advanced on proper organization of cleanup of blowdown water and feedwater, - relying
on ion exchange beds and mechanical filters, either the washed-on type or electromagnetic type.

Note on Performance of Ion Exchange Filters at Single-Loop

Nuclear Power Stations — Yu. V. Chechetkin, A. I. Zabelin,

|
!
| L. N, Rozhdestvenskaya, V. D. Kizin, E. K. Yakshin, and
L. N. Masnaya (USSR)

A design arrangement is proposed, and estimates of integral exposure dose are cited, for determin-
ing the prospective service life of ion exchange resins in service in turbine condensate cleanup systems,
for different cases of fuel-element rupture in a single-loop nuclear power station based around a boiling-
water reactor, Radiation fields in the vicinity of ion exchange filters are calculated. Agreement between
predicted data and experimental data is noted. ' '

VK-50 reactor is discussed. Changes in hydrodynamic characteristics with time on stream are reported.
Effectiveness in removing contaminants from water on cation and anion exchange resin filters, under nor-
mal station operating conditions, and under emergency conditions in the turbine condenser, is estimated.
Some recommendations are put forth regarding the use of condensate cleanup systems of the type.

Program for Estimating Nuclear Power DeVe10pmen,t.in the CSSR

and Some Computational Results — 8. Novak and T. Rajci (CSSR)

The complexity of nuclear power station development problems calls for detailed treatment of some
of the factors governing the effectiveness of any path chosen toward the goal. A computational program
has been developed in Czechoslovakia for estimating the effects of distinct factors on the development of
nuclear power stations in the CSSR. The basic characteristics of the program, the input data, and the
progress of computations, are covered. The effect of the choice of initial power station developmental
period is estimated for full scale-up and cost calculations. Afttention is given to combined power genera-
tion by nuclear power plants in conjunction with conventional electric power generating plants (changes in
utilization time, dynamic properties required, etc.). Results of calculations for different variants of the
initial developmental period for full scale-up (covering 50 years) and cost calculations (covering 20 years)
are cited.

Preparation for Startup of the A-1 Nuclear Power Station

One year's operating experience with a condensate cleanup facﬂity at a nuclear power station using a

- E. Horvat (CSSR)

|
Methods for Detecting Burst Fuel Elements in the Gas-Cooled
Reactors, and Theoretical System Optimizatidn — E. Hladky,

7Z . Melichar, and J. Kubik (CSSR)

A critical analysis is carried out, on the basis of operating experience with foreign gas-cooled reac-
tors, of various methods, and some possible solutions for the design of a system.capable of detecting burst
fuel elements are proposed. Attention is focused on additional monitoring of coolant, and methods for pro-
cessing the detection system data. '

| General criteria are formulated for the design of optimum systems, and possibilities of theoretical
optimization of systems are demonstrated, accompanied by concrete computational findings. The relationship
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between the time behavior of the failure detector signal and the time of fuel-element fallure or damage is
discussed in the light of calculations of detector sensitivity.

Fuel Cycles for Water-Cooled Water-Moderated Thermal

Reactors — S. M. Feinberg and I. K. Levina (USSR)

The distinctive feature of the work discussed in this article is the treatment of a long sequence of dif-
ferent campaigns involving deep fuel burnup in pressure-vessel reactors of the pressurized-water type,
for specific VVER reactor operating conditions. As many as 30 burnup campaigns are covered, thereby
providing a fairly detailed concept of the isotope composition and natural uranium needs for assessing the
long-term developmental outlook of large-scale nuclear power.

The calculations were carried out for an "ideal" water-cooled water-moderated reactor, and also
for an "ideal" radiochemistry and metallurgy cycle, This means, first of all, that a pressure-vessel re-
actor with a constant nuclear refueling system is proposed, and secondly that the radiochemistry and metal-
lurgy cycle features zero fuel time lag and zero fuel losses.

This treatment of the problem determines the physical minimum of natural uranium needs. Correc-
tions to be introduced into the "ideal" fuel cycle are clarified.

Fuel cycles using uranium dioxide, metallic uranium, and thorium compositions with U?* and 1233
are discussed. These compositions make it possible to evaluate the outlook for use of thorium in order to
save on natural uranium.

An alternative considered is bringing fast breeders into play in order to economize on natural uran-
ium. This makes it possible to estimate the doubling time of breeder systems and of the radiochemical
metallurgical reduction process through which these savings can be realized.

Investigations in the Field of Nuclear Power Station Fuel

Cycles, Conducted in the Chemical Sector of the Nuclear

Research Institute of the Czechoslovak Academy of Sciences

— 8. Havelka, L. Berak, V. Kourim, J. Peka, M. Podest,
and V. Srajer (CSSR)
Investigations were concerned on three salient problems of the course of the past five years.

1. Methods for the production of sinterable uranium dioxide, and powder compactification techniques,
were studied. Preliminary investigations were conducted on uranium monocarbide and uranium carboni-
trides, yielding some interesting findings on the chemical behavior of these materials. Investigations of
the physicochemical fundamentals of the "sol — gel" method were initiated.

Further work was directed toward setting up an expemmental base for effecting a transition to inves-
tigations of fast-reactor fuel.

2. A modified purex method for reprocessing spent fuel from VVRS type reactors was worked out on
a laboratory scale. Work is being completed on setting up a laboratory circuit with a throughput of 0.5 kg
U per day. Planning work has begun on a scaled-up pilot facility with a capacity of 10 to 20 kg U per day.

The field of fluoride reprocessing techniques is represented by work on sorption of fluorides; a flu-
orination technology has been worked out in this area. Work on building a circuit with a capacity of 2 kg
U per day is being completed. :

3. Separation and isolation of long-lived toxic fission products, and immobilization of high-level
wastes in basalt rock, are being studied.
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Experience in the Construction and Startup of the BOR-60

Reactor — A. I, Leipunskii et al. (USSR)

Research Flndlngs on the Operatlng Characterlstlcs of the

BOR-60 Reactor dur1ng Power Startup — O. D Kazachkovsku,

V. A. Afanas'ev, E. V. Borisyuk, V. M. Gryazev, V. N.
Efimov, V. P. Kevrolev, V. I. Kondrat'ev, N. V. Kragnoyarov,
S. A. Markin, and A. M. Smirnov (USSR)

Results of experiments on the preparation of the BOR-60 reactor installation for the power startup
are reported. The stable operating region of the pumps in parallel streams, with the performance of check
valves-taken into consideration, is determined. Data are obtained on specific heat and power losses in the
primary loop, so that the hazard of various sets of emergency conditions that might occur when ‘the BOR-60
reactor installation is on full power can be estimated. '

During the ride up to full power, and during the first stage of normal operation, experiments were
conducted to study natural circulation, emergency cooldown performance, the characteristics of the heat
exchange equipment, and so forth. Transients accompanying energizing of emergency protection systems
were optimized. Transients occurring in response to disturbances in the basic system variables were ob- -
tained. The self-regulating properties of the reactor installation are illustrated.

The ZRR Fast Experimental Reactor, and Proposals for its

Experimental Utilization — M. Pasek, Z. Tluchoi', V. Chlumsky,
J. Cermak, F. Dubsek, J. Hrdlicka, A. V. Karpov, M. F.

Troyanov, M. I. Kulakovskii, V. I. Matveev, et al. (CSSR
and USSR)

The ZRR experimental fast reactor, with power ratings to 60 MW, went into planning stages in
Czechoslovakia in 1969 (with consultation with staff members of the Obninsk Power Physics Institute [FEI]).

The parameters of the ZRR reactor are close to those of the BOR reactor.

But the ZRR reactor differs from its BOR counterpart in several ways: there are two sodium subloops
with 110 mm dia.meter field type channels located in the reflector; the proposed neutron flux is 1.2.10%
neutrons/ cm? - sec. The chammel can accommodate an experimental fuel assembly with 19 fuel pins. The
closed-loop subloop design arrangement makes it possible to achieve operating conditions in the experi-
mental channel (sodium operating temperature contamination of coolant by fission products, effect of ther-
mal shocks, limiting states of fuel elements, leak testing of fuel elements). There are two channels at
the center of the core, for experiments on specimens of structural materials and fuel materials at peak
neutron flux. The subloops and channels must be equipped with modern sophisticated instruments in order
to carry out the indicated experiments.

~ The des1g;n of the ZRR reactor and its fuel handling system are described. Physical characteristics
and the general process flowsheet of the ZRR reactor installation are given. '

There are several reports devoted to the possibilities for conducting experiments on the ZRR reactor,
and on further work along the lines of the fast reactor research program, with the ZRR reactor serving as
research tool.
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Measurement of Sodium Flowrate and Sodium Fill Level in Fast A

Power Reactors — V. D. Taranin et al. (USSR)

Exact measurement of sodium flowrate by means of large electromagnetic flowmeters, and measure-
ments of sodium fill level at high temperatures, over the range from 0 to 6000 mm, are discussed. The
layout of a metrological flowmetering stand which can be used to calibrate and certify magnetic flowmeters -
with their upper measurement range extending to 4000 m3/ h liquid sodium is presented, and the basic re-
quirements and specifications for the components of this stand are formulated. The design of a high-tem-
perature sodium level gage, and its arrangement and siting, are described. Results of adjustment opera-
tions and service-life tests of the instrument on the sodium test loop of the BR-5 reactor are reported.

Final Work on Pump Designs for Power Plants Using the BN-350 :

and BOR-60 Fast Reactors — F. M. Mitenkov, E. N. Chernomordik, L

V. I. Sharonov, M. I. Mikhailov, V. M. Budov, and E. G. ' !
Novinskii (USSR) |

Results of adjustments done on liquid-sodium pumps for service in nuclear power plants using the ]‘
BN-350 and BOR-60 fast reactors are reviewed. : |

. H

Design layouts for circulation pumps for the primary and secondary loops of the power plants referred
to, and the basic performance characteristics of the pumps, as well as the materials used, are duly re- |
ported. Light is shed on experimental work done on the flow passages of the pumps, on bearing'a,ssemblie‘s,

and seals for the rotating pump shaft.

R

Procedures, conditions, and results of pump-engine sets tested on water streams and liquid sodium
streams are presented. Topics relating to the performance of pumps in starting and operating transients, |
determination of axial forces under different sets of operating conditons, and entrainment of gas on the de+
livery lines with leakage and carryover of basic into the primary loop, are discussed, with analysis and |,

|

experimental verification of possible ways that carbon might get into the loop from the pumps. |
I

Fabrication errors occurring when pumps are being finish-machined, and measures taken to eliminate

them, are described. r i

Effectiveness of Fuel Utilization in Fast Power Reactors — V. B.

Lytkin, A. I, Leipunskii, V. V. Orlov, and M. F. Troyanov (USSR) ]:
The limitations on comparatively cheap uranium resources may bring about a rise in the cost of elec~ 2
tric power generated by nuclear power stations, if nuclear power developmental policies and reactor char-
acteristics are not selected properly in the development of the nuclear power industry. Fast power reactors
therefore have a crucial role to play in economies of natural uranium resources. It is demonstrated how
the resulting rates of consumption of fissionable materials at different industry growth rates are affected /.
by such reactor characteristics as specific loading, percentage burnup, breeding ratio, and external fuel f
cycle time. :
The natural uranium rates are also effected by the type of uranium reactors used for initial buildup | '
of plutonium supply and for subsequent combined operations (where required) in conjunction with fast pluto—
nium -fueled reactors are preferable to thermal ordinary-water reactors in this regard. Data on consump-
tion of natural uranium in the development of the nuclear power industry in the USSR, extrapolated to the i>
year 2000, are presented up to the 600 million kW level. : i

i

Investigations of Physical Characteristics of the BOR-60

Reactor — O. D. Kazachkovskii, I. N. Alekseev, S. M.
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Baranov, G. I. Gadzhiev, V. M. Gryazev, Yu. M. Karatsuba, '
N. V. Krasnoyarov, V. N. Lychagin, and V. S. Fofanov (USSR)

Results are reported on theoretical and experimental investigations of the basic physical characteris-
tics of the BOR-60 fast reactor.

Critical core parameters, worth of control rod bundles, variations in reactivify in response to re-
fueling with new fuel assemblies, spatial distribution of power density, and the neutron flux for different
energies, were measured during the processes of physical startup and power startup of the reactor. The
temperature and power effects of reactivity, and the fuel burnup effect, were also investigated.

It is demonstrated that changes in coolant flowrate and in coolant pressure in the reactor gas chamber
drastically affect reactivity, and are governed by changes in the size of gas bubbles present in the sodium
? stream and in the working fuel assemblies.

‘ Results of measurements of neutron ﬂux and gamma-ray flux in experlmental fuel assemblies and in
the b1olog1cal shielding are also reported.

Experimental Investigation of Activity Distribution in the

BOR-60 Reactor — V. M. Gryazev, N. V. Krasnoyarov,

Yu. V. Chechetkin, G. I. Gadzhiev, V. I. Polyakov, V. S. p
Fofanov, I. G. Kobzar', Yu. I. Leshchenko, V. V. Konyashov,
and V. N. Rybakov (USSR)

| Experimental investigation of the radiation distribution in reactor shielding is discussed. Activity

1 levels in the sodium coolant, and radiation fields in the production rooms of the reactor installation, are
estimated. Results of investigations of the radio isotope composition in the gas chambers of the loop are
reported.

’ The results obtained can be used to verify shielding design procedures and procedures for calculating
[ activity distribution over the technological loops of fast reactors and also in the solution of other practical
problems.

|

|

L

'Note on Assignment of Parameters for Nuclear Power Stations

with High-Output Fast Reactors — O. D. Kazachkovskii, N. V.

Krasnoyarov, R. V. Nikol'skii, E. A, Grachev, T. M. Ziganshin,
“E. V. Kirillov, and R. E. Sekletsova (USSR) '

Computational M.ethods for Estimating the Stage of Damage to a

Sodium Loop in Severe Failure of Tubing in a Sodium — Water Steam-

Generator — V. M. Poplavskii, Yu. E. Bagdasarov, and V. H.
Leonchuk (USSR)

Computational methods developed by the authors for estimating the effects of sodium — water interac-
tion directly in the reaction zone, and also on various portions of the sodium loop, in the event of severe
failure of heat-transmitting tubes in a steam generator, are presented. ~

A description is given of a phys1ca.1 model of the process for use in constructing design computational
procedures. Maximum possible emergency pressures and temperatures that can occur in a steam generator
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immediately in the reaction zone are analyzed. A procedure for calculating reaction parameters in their
time variation, in the neighborhood of tube failures, with coolant compressibility taken into account, is
described.

Methods for calculating hydrodynamical phenomena in the sodium loop of the installation, and in the
emergency handling systems of the steam generator unit, are presented. Simplified methods are outlined
for calculating emergency parameters convenient for use in the stage of tentative determination of the basic
characteristics of the liquid-metal system,

Calculated values obtained by different procedures are analyzed and conipared with experiment.

Experimental Investigations of Methods for Detecting Fuel Assemblies

with Failed Fuel Elements in the BR-5 Reactor System — N. N.

Aristarkhov, I. A. Efimov, L. I. Mamaev, M. P. Nikulin, and
V. S. Filonov (USSR)

A system capable of checking leaktightness of fuel assemblies extracted from the core of the BR-5
fast reactor and transferred to storage is described in this article. Basic results of two mass checks run -
on the leaktightness of working fuel assemblies with PuO, fuel elements, carried out in 1961 and 1965, are
reported. Some of the regularities governing escape of gaseous fission products from failed fuel elements
are established. '

Results of tests on the integrity of fuel assemblies with PuO, fuel elements, extracted from the re-
actor and placed in cans with molten lead, are reported. Unloading and storage techniques are described,:
with methods for monitoring leaks in fuel bundles containing UC and PuQ, fuel elements in cans with molten
sodium, and the results of checks made outside the reactor on bundles under a layer of sodium; in the
monocarbide zone of the BR-5 reactor, are also reported.

Some Aspects of Fast-Reactor Fuel Cycle Optimization

— F. M. Mitenkov, G. B. Usynin, V. A. Chirkov, V. A.

Shibaev, and E. A. Shlokin (USSR)

Results of investigations carried out on selection of dimensions for the fuel bundle, and fuel reloading
conditions for a fast power reactor are presented. The effect of repeated refuelings of the core and the
length of the interval of continuous reactor operation on the amount of fuel involved in the cycle, the breed-
ing ratio, and the doubling time, is analyzed. '

It is shown that an orientation to very infrequent refuelings runs the risk of deteriorating fuel cycle
economies, and this is crucial in the case of reactors with an internal conversion ratio that is not high to
begin with. Comparisons are made between overheating of the fuel-element cladding due to increased fuel ;
bundle dimensions, and overheating due to other factors (specifically, off-optimum positioning of reactivity
controllers in the core, and replacement of absorbing compensator rods by fuel rods). Ways of improving
reactor performance by rational utilization of fuel discharged from the reactor are discussed. ‘

!

The BRG-30 Pilot Scale Power Generating Installation, with a

Gas-Cooled Reactor Using Dissociating Coolant — A. K. Krasin,

V. B. Nesterenko, L. I. Kolykhan, B. E. Tverkovkin, V. P.
Slizov, Yu. V. Shufrov, V. P. Bubnov, B. I. Lomashev, and
M. E. Gorodetskii (USSR)
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Sodium Steam Generator Rated at 500 MW(th) — V. V. Stekol'nikov,

Yu. E. Bagdasarov, V. F. Titov, P. N. Bogdanovich, L. F.
Fedorov, E. V. Kulikov, and V. M. Poplavskii (USSR)

The design and specifications of a through-flow type unfired-vessel steam generator with a thermal
output rating of 500 MW, consisting of two evaporator and steam reheater vessels, are discussed. The
flowsheet and startup conditions of the steam generator are shown, its basic operating conditions are ana-
lyzed, and attention is given to requirements imposed on the automatic control system, measuring and
monitoring instrumentation, and interlocks for safe operation of the steam generator and of the power
station as a whole,

The basic stands taken on the nomenclature of research and development work done as groundwork
for this design of the steam generator are reviewed in terms of heat transfer, hydraulics, and materials

strength.
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DEVELOPMENT, INVESTIGATION, AND RADIATION STABILITY OF STRUCTURAL
AND FUEL MATERIALS FOR NUCLEAR POWER STATIONS

PROCEDURES AND TECHNIQUES FOR TESTING FUEL ELEMENTS IN

SUBLOOP CHANNELS OF THE SM-2 AND MIR REACTORS

Tsykanov, P. G. Aver'yanov, UDC 621.039.553.3
Zverev, B. A. Zaletnykh,

Klochkov, Yu. P. Kormushkin,
Kuprienko, and N. P. Matveev

<m<d<
il v I e

The SM-2 and MIR research reactors [1-3] are designed for testing fuel compositions, prototypes of
fuel elements, structural materials and scaled-up fuel assemblies, for power reactors or research reac-
tors in the design stage. The SM-2 and MIR reactors are provided with various subloops to expedlte this
type of work, and each of these subloops boasts twe or more experimental channels.

The basic characteristics of the subloops are listed in Table 1, where we introduce the following no-
tation: LTWSL for the low-temperature water subloop; HTWSL for the high-temperature water subloop; _
BWSL for the boiling-water subloop; HTW for another variant of high-temperature water subloop. The |

positioning of the channels in these subloops, within the reactors, is indicated in Figs. 1 and 2. i

The high neutron flux and the relatively small experimental volume of the channels in the SM-2 reac-"
tor are utilized most conveniently for studying fuel compositions and for studying prototypes of future fuel -
elements. The MIR reactor is best suited to service-life testing of fuel assemblies under conditions ap- ‘
proximating fairly closely the actual operating conditions of the reactor being designed. Despite these
features, problems of procedure relating to testing in these reactors have a lot in common.

Problems of Procedure in Subloop Testing

The organization and execution of subloop experiments conform to the following sequences of stages: .
formulation of the problem and tentative choice of exposure site (type of reactor, type of subloop and chan- !
nel); selection of an existing design or development of a new design of the prototype for the proposed irra- .
diation device; fabrication of the prototype; taking neutron physics measurements with the prototype against} |
a physical model of the corresponding reactor; more precise siting of the exposure and selection of a methaod

TABLE 1. Characteristics of the Loop Reactors SM-2 and MIR

SM -2 reactor MIR reactor
Characteristic LTWSL HTWSL BWSL HTW sodium
Subloop power rating, kW 3000 250 2000 2000 2000
Number of channels 2 2 2 2
Power output of single channel, kW 100—1000 120 1000 1000 1000
Channel ex genmental volume, liters 0.9— 0,35 3,1 3,1 1,25
Unperturbed fast flux, neutrons/cm?.sec (0,2-- 20 0) 1013 5.1012 . a e
Unperturbed thermal flux, neutrons/cm?. sec | (0,8 — 33)-1014 | (0,5 — 1,1).1014 — — —
Peak power production per gram U?%, kw/ — — 6,65 * 6,65 * 6,65 *
power p: per g 8 — - 3,40t 3,40t 3,40t
Coolant pressure, atm 50 200 200 200 15
Coolant temperatures, °C o )
at entrance to channel 50 300 300 300 200—300
at exit from channel : 100 330 350 350 550

* For channels in second row.
tFor channels in fourth row.

Translated from Atomnaya Iflnergiya, Vol. 30, No. 2, pp. 192-198, February, 1971.

© 1971 Consultants Bureau, o division of Plenum Publishing Corporation, 227 West 17th Street, New York,
- N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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Fig. 1. Schematic diagram of core loading pattern in MIR reactor: i j) reflector
cells; @) reactor working channels; @) rods with extra load; o) compensating (shim)
rods; *} scram rods; ® ) subloop channels: 1) HTW channels; 2) BWSL channels; 3)

sodium subloop channels.

'Fig. 2. Positioning of channels in the SM-2 reactor core: ®) LTWSL channels; ®)
HTWSL channels; O) remaining channels; ®). control rods. ‘
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for producing the required exposure conditions; carrying out reactor subloop tests; obtaining more precise
~ information on exposure conditions and verifying conformity between these conditions and the problems set
up; design and fabrication of the irradiation device and tests prior to installation in the reactor core; ma-

Tentative Assessment of Exposure Site and Formulation of the

‘ Experimental Problem

terials research on irradiated specimens and compilation of an engineering report on subloop testing re-
sults. Each of these stages must be carried out while observing requirements applicable to procedures,
the principal ones of which will be detailed below,

, The fuel elements used in reactors of different types are dissimilar, as a rule, in their design, in
the composition of the materials incorporated in them, in their fuel content, in operating conditions, and
in various other characteristics. Moreover, subloop channels exert an important and mutual effect on each
other within the confines of the small cores of research reactors. By the time a concrete experiment is
set up and executed, the reactor channels are already loaded with test specimens, and the operating condi-
tions of the reactor correspond to the operating conditions of existing channels.

The formulation of the problem in the experiment, and the choice of exposure site in the reactor,
should not (at least in principle) interfere with these matched reactor conditions, as we see.

(Of course,

given the importance or the need to execute some specific experiment, these conditions can be eliminated

i either completely or for a specified time interval.)
|

Both the representativeness of the experiment as a

whole (volume of information obtained through the experiment, accuracy of that information, and so on),
and the costs incurred in carrying out the experiment, plus the time taken up in work preparing the experi-
ment, depend in large measure on the correctness of the selection of reactor type and on the selection of

the .corresponding subloop and experimental channel.

The experimental conditions (heat loading, temperature conditions of irradiation, burnup, coolant
quality) must be brought as close as possible into consonance with the actual operating conditions of the
fuel element in the core of the reactor for which it is intended. I it is not possible to bring about certain
operating conditions of the fuel assembly in the projected future reactor for any reason, then the effect of

such deviations from actual operating conditions on the functioning of the fuel element, or the fuel assembly
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Fig. 3 _
Fig. 3. Subloop channel with cadmium shield: 1) channel body; 2) cadmium
shield; 3) removable half-slugs; 4) insert slug; 5) gas-vacuum chambers.

Fig. 4

Fig. 4. Subloop moderator unit: 1) channel body; 2) channel jacket; 3) beryl-
lium half-slugs made of beryllium; 4) guide slug; 5) absorber loading channels;
6) vacuum clearance.

as a whole, must be assessed by numerical means or by staging an additional experiment to fill the gap.
On the other hand, the conditions required for carrying out the experimental problems formulated must be
reproduced in the type of subloop for the channel design and type of reactor selected. This means that re-

_ course will have to be had, occasionally, to redesigning and modernization of certain components of the

subloop of channel, in order to bring about all the required conditions.

Selection of some existing irradiation devices is also proposed in preliminary assessments of expo-
sure siting, if this corresponds in principle to the goal set. Otherwise, a prototype of a new irradiation
device will have to be developed and fabricated after the preliminary assessment is made.

Neutron Physics Measurements and Ways of Bringing About

Required Irradiation Conditions

The SM-2 and MIR reactors are provided with physical models which constitute faithful copies of the
core of those reactors, with their reflector and with the control system components in place. These physi-
cal models make it possible to study the reactor operating conditions, the irradiation conditions in any chan-
nel of the reactor, changes in these conditions resulting from displacements of the control rods and acces-
sories, etc., on physical mockups of the subloop channels, with no particular difficulties (which would cer-
tainly plague the work if the work were to be done on the completed reactor). Neutron physics measure-
ments make it possible to ascertain the conditions which will permit most complete execution of the heat
physics problems posed in the experiment, on the one hand, and will impose no exacting limitations on the .
reactor operating conditions, on the other hand.

Conditions of this sort are brought in the channels of the SM-2 reactor, as a rule, by varying the fuel
content in the specimens tested. The interaction of the subloop channels can be neglected, and displace-
ments of the control rods and accessories affect only some, but not all, of the channels. The small experi-
mental volume virtually rules out any other stationary methods by which the power production levels of these
channels could be affected. From this point of departure, and taking the large number of experimental chan-
nels in the SM-2 reactor, into consideration, the fuel concentration for each channel must be selected with
special care.
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Fig. 5. Variation in power output of subloop fuel éssembly with thickness of aluminum in
two-layer composition ("dry" channel): 1) water replaced by aluminum; 2) beryllium replaced
by aluminum.

Fig. 6. Variation in power output of subloop fuel assembly as a function of aluminum thick-
ness in two-layer composition ("wet" channel with water): 1) beryllium replaced by aluminum;
2) water replaced by aluminum.

In the case of the MIR reactor, where scaled-up fuel assemblies for future reactors are tested, the
fuel concentration may not be allowed to vary over a broad range. The required operating conditions are
set up in the subloop channel by individual ways of affecting power generation in the channel, when neutron
physics measurements are taken. A physical model of the MIR reactor is employed to study and work out
regular procedures for routine use of such control devices as the official control rods, absorbing continuous
shields, and shields in the form of rodlets or wreaths of beads of different materials arranged around the
subloop channel; variations in the composition of the medium in the subloop cell of the reactor lattice;
changes in fuel loading patterns in the surrounding working channels.

The physical models of reactors are employed to find the power distribution over the height and cross
section of the fuel assembly to be studied and tested. The results obtained are worked into heat transfer
calculations, and are used in arriving at heat transfer and hydraulics conditions for subloop tests of each
channel. The ability of a specific subloop to bring about the required heat transfer and hydraulics condi-
tions over a specified power production range is looked into at the same time. If necessary, the energy
production in each channel can be restricted still further, or the subloop can be redesigned.

Results of neutron physics measurements prior to the beginning of irradiation are compared as the
tests progress to the readings of instruments monitoring irradiation exposure parameters. Moreover,
these results are used to also estimate the redistribution of power production over the height and cross sec--
tion of the test fuel assemblies during the irradiation.

In this way, measurements taken on the physical models become the first major stage in the course
of the experiment's progress. This accounts for the major significance attributed to such preparatory steps
as design and fabrication of the physical prototype, selection of means for controlling and adjusting the pow-
er production level, and exact studies of the neutron field over the height and cross section of the fuel as-
sembly.

Stationary Methods for Bringing About Required

Irradiation Conditions

The stationary methods [4] include those which ensure a specified power production level at the sites
where subloop channels are situated for a protracted period. These methods, in addition to changes in fuel
content in the fuel elements, are affected mainly by the design features of the reactor components, subloop
channels, and so on.

The required irradiation conditions (heat loading, nonuniformity in power production over the radius
of the fuel element in the assembly) for the channel of the sodium subloop in a cell in the second row of the
MIR reactor were brought about by shielding the channel with a cadmium jacket (Fig. 3).
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Vertical holes were made in the hexagonal moderator slug for some of the water channels in the MIR
reactor, so as to accommodate rods of absorbing material (Fig. 4).

Control of power production by means of absorber rods makes it possible to expand the range of pow-
er levels for the fuel assemblies to be tested. In particular, in the case of a water subloop with ten rod
absorbers of boron steel 8-9 mm in diameter, arranged uniformly around the subloop channel, a 1.6-fold
change can be achieved in power production level. If necessary, the subloop channels in the fourth row
can be shielded partially on the core side. A continuous cadmium shield has a much more drastic effect
(8 to 10 times greater) on the power production level.

Note that rod type absorbers do not change fuel blockage over the fuel-assembly cross section, since
the hardness of the neutron spectrum in the subloop cell undergoes no change in the process, while the cad-

mium shield, by increasing the hardness of the spectrum, lessens fuel blockage by roughly 1.5 times.
l

Another stationary method for control and adjustment of power production is changing the composition
of the medium in the subloop cell. These cells are made of beryllium and aluminum in the MIR reactor.
Figures 5 and 6 show how the power output of the subloop fuel assembly is affected by the composition of
the medium in the subloop cell. The reported power ratios may vary depending on the design of the speci-
fic subloop fuel assembly. This method of adjusting and regulating power production leads to lower reac-
tivity losses than when absorber rods are employed.

Operational Techniques for Bringing About the Required

Testing Conditions

The necessary physical conditions for irradiation found before the experiment is carried out cannot
always be sustained by stationary methods such as described. The contradictory nature of the require-
ments imposed on many subloop experiments, as well as the specific features of the reactors themselves,
lead to a need for operational methods of affecting the power production level in the region of the core
where the test specimens are positioned. The ability of the subloop to affect the temperature conditions of
irradiation and the quality of the coolant is of no less significance.

Below, some of the basic methods for affecting testing parameters are described.

Operational Effect on Power. In the case of the SM-2 reactor, changes in power output in any chan-
nel involve changes in power output of the reactor as a whole, and also changes in the positions of control
rods in the case of some channels. Changes in the power output of the SM-2 reactor cannot be utilized, for (
this reason, to control the reactor in all cases, particularly when the power runs above set point during a v
particular reactor campaign. Accordingly, the error for any one channel or several channels in the selec-
tion of fuel content (here we have in mind an error on the high side) will cause a lowering of the exposure
parameters in the other channels and degraded performance of the SM-2 reactor as a whole.

In the case of the MIR reactor, displacements of the control rods are more autonomous in character,
and as a rule cause changes in the power production level in the region where they are located. Control
rods are therefore found useful for affecting the power output of reactor subloop channels. For instance,
complete displacement of KS rods of the second radius may bring about changes in the power output of the
HTW and BWSL subloop channels located in the fourth row of the core, by a factor of 1.3. Complete dis-
placement of the combined KD rods (top part: absorber, bottom part: fuel assembly) changes in the power
of adjacent HTW and BWSL subloop channels twofold or fivefold, depending on whether the channels are
located in the second or fourth row of the core, respectively. But because of the powerful effect exerted
by the KD rods on the power production level and power distribution, only KD rods sufficiently far removed
from the subloop channel are employed to achieve the operational effects. Those KD rods lying close to the
subloop channels are used only to bring about the required operating conditions in the initial loading, and
subsequently their positions are left unaltered throughout the entire reactor campaign. It is proper to state
that with the number of subloop channels currently in use in the MIR reactor, operational effects on the
power output level satisfy the needs of the problems as posed, for the most part.

Operational Effects on Temperature Conditions. In a real reactor facility, the reactor power output
varies over a rather broad range, while deviations from temperature conditions remain quite restricted.
This highlights the importance of maintaining the required temperature conditions, when testing fuel ele~
ments, and particularly when testing fuel assemblies, as the power of the irradiated objects varies. Sub-
loop flow arrangements must provide for maintaining specified conditions over as wide a range as possible.
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The broader the range, the better the performance of the subloop, the more representative the experiments
will be. The way in which temperature conditions are affected must be characterized by quick response to
changes, autonomous to whatever extent possible, and sufficiently safe for the experiment itself.

The basic method for controlling temperature conditions on the LTWSL subloop of the SM-2 reactor
consists in varying the flowrate of water through the channel. This method makes it possible to vary the
temperature of the fuel-element cladding by +50°C from the prevailing level at thermal loads up to (2 to 3)
-10® W/ m?. In some cases, the temperature of the water at entry to the channels can also be varied in
LTWSL channels. But this method is a less effective one, because of the narrow range of variation in in-
let temperature. '

In the case of HTWSL subloops in the SM-2 reactor, the effect on the temperature conditions is
brought about by varying the water temperature at the exit from the-electric heater unit. The array of
available power output steps makes it possible to effect the temperature conditions at different rate of
change, in both increasing and decreasing directions. The range of these changes depends on the specified
top and bottom temperature levels in testing. :

In the case of sodium subloop channels, the effect on the temperature conditions of specimen irradia-
tion is achieved in either of two ways: by varying the sodium flowrate through the channel, and by varying
the sodium inlet temperature. These methods of control are easy and safe to implement, since the circu-
lating pumps operate on direct current, allowing fine control of pump loads, and the subloop piping is pro-
vided with compartmentallzed electric heater units.

Operational temperature control is achieved in the HTW and BWSL subloops of the MIR reactor by
varying the water flowrate through the heat exchanger for the ion-exchange filter. This method makes it
possible to maintain the temperature at the channel inlet to within £5°C or less, if required by the experi-
mental conditions.

Monitoring Temperature and Power Output of Fuel Assembly

in Channel .

In the process of reactor subloop tests, the principal parameters to be monitored are the heat loading
and the temperature of the fuel-element cladding, and the temperature of the coolant upon entry to the fuel
assembly. When thermocouples inserted in the fuel assemblies are subjected to irradiation, their readings
vary, or they malfunction altogether. This underscores the importance of determining exposure tempera-
ture conditions from readings of thermostated subloop transducers located outside the channel active region.

The possible heat transfer conditions in irradiation are studied during the initial testing period in or-
der to cope with this problem, and deviations in the readings of thermometer type sensors in the subloop
from the readings of thermocouples placed on the specimens to be irradiated or the fuel assembly under-
going tests are also checked out. These deviations are studied to see how they vary with the absolute level
of temperatures in the channel with the rate of coolant flow through the channel, and with various other fac-
tors. The dependences found by this method are continually monitored throughout the course of the experié
ment, thereby making it poss1b1e to continue the testing process even when the thermocouples are not func-
tioning properly.

In this case, the temperatire of the fuel-element surface can also be checked by calculations, using
the results of neutron physics measurements of power output over the cross section and over the height of
the specimens. Once the thermal output power of the channel (or fuel assembly), the flowrate and temper-

| ature of the coolant at entry to the fuel assembly, and neutron measurements data are known, there is little
| problem in obtaining the temperature of the cladding at any point on the fuel assembly from the available
| computational formulas.

| Protection of Fuel Assemblies to be Tested. The following methods for protecting against power ex-
cursions are in use in subloop testing work: using readings of thermometer transducers at the exit from
channels, as corrected according to readings of thermocouples placed on the fuel assembly in the inital ex-
posure period; using readings of thermocouples at the exit from the fuel assemblies (when their readings
are deemed reliable), generally in the first period of the experiment; using readings of the instrument
monitoring the temperature drop across the fuel assembly (when the rate of coolant flow through the chan-
nel is being monitored simultaneously). :
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Note that these methods may prove to be-inapplicable to channels of BWSL subloops working in the
boiling mode. Protection of these channels against power excursions is therefore carried out indirectly by
means of the working channel in the MIR reactor, which is located in the moderator slug adjacent to the

channels.

In the nonboiling mode, when the power output of the subloop channel can be determined with ease, the
relationship between the power outputs of the test channel and the working channel, selected for the pur-
poses of emergency protection, is found. In the boiling mode, emergency protection goes into effect when
the power setpoint of the working channel, as recorded by the appropriate instruments, is exceeded.
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RESEARCH AND DEVELOPMENT WORK ON PEARLITIC STEELS
FOR STEAM GENERATORS IN SODIUM~-COOLED-REACTOR
NUCLEAR POWER PLANTS

G. I. Kapyrin, I. V. Gorynin, UDC 621.039.53
N. N. Gribov, Yu. F. Balandin, ‘
S. S. Shurakov, and Yu. M. Trapeznikov

One of the salient features of the service of materials used in steam generators for nuclear power
plants with sodium-cooled reactors is the fact that they must contact liquid sodium at temperatures to 550°C,
on the one hand, and water (or steam), on the other hand [1, 2].

The need for corrosion stability on sodium streams naturally dictates that the steam generator use
austenitic chromium — nickel steels such as used for the remaining elements of the first and second subloops
of the reactor, but these materials are ruled out because of the danger of corrosion cracking the steam and
water environment. The use of high-nickel austenitic steels is ill-advised because these grades of steel
present such shortcomings as poor machinability and recalcitrance to advanced production techniques in the
fabrication of semifinished products, poor weldability, high cost, etc. It would be preferable to rely on
thermostable steels of the pearlitic class, particularly since a large amount of experience has been accumu-
lated on applications of these grades of steel in boilers used in conventional electric power generatingplants.
The most important characteristic favoring the selection of specific compositions of these steel grades must
be their corrosion stability in liquid sodium streams.

- The effect of sodium as a decarburizing medium, studied widely at the present time in the USSR and
in other countries, rules out the use of insufficiently alloyed pearlitic steels for service at high tempera-
tures in contact with austenitic steels.. Otherwise, we might have to be content with inadmissiblelossesinthe
strength of the pearlitic steel and embrittlement (as a result of carburization) of the austenitic steel. When
selecting alloying of steel for steam generators, we have to consider the fact that increasing the quantity of
carbide-forming elements in the steel will inevitably lead to impairment of weldability. Certain difficulties
accompanying the selection of high-alloy thermostable steels may also be encountered inmetallurgical plants
in the fabrication of semifinished products, especially tubes and large forgings.

The principal problem to be tackled in developing materials for steam generators actually revolves
around the selection of some steel of the pearlitic class alloyed with an amount of carbide-forming elements
such that the required resistance to decarburization in sodium will be attained and at the same time severe
impairment of machinability and adaptability to mass production techniques as compared to unalloyed steel.

TABLE 1. Proportionality Factors Kg and Free Energy of Formation of Carbides of
Different Elements [6-8]

Characteristics of bonding of alloying Alloying elements
elements to carbon T Nb v cr Mo | Mn Al I Yo ‘ co | Ni ,
Proportionality factor Kg —4 — —25 | —13,2} — |—4,15] —1,5 0 +2,3 | +4,2
Free energy of formation of carbides | —42 | —33 | —27 | —13,5] —7,0 1 —4,2 —_ 1,0 [ 42,5 +6,8
Aj at 600°C, kcal/mole

Translated from Atomnaya E;)hergiya:, Vol. 30, No. 2, pp. 198-202, February, 1971.

© 1971 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permLsswn of the publisher. A copy of this article is available from the publisher for $15.00.
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Fig. 1. Dependence of relative change
in tensile strength of specimens exposed
to sodium stream and to argon stream
on alloying level B, in capsule tests.(a)
and in sodium stream (b); a: @) 600°C,
4000 h; O) 650°C, 4000 h; h: A) 650°C,

3000 h; @) 600°C, 4000 h; O) 550°C, 4000

h; ----) 450°C, 4000 h.
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‘"TABLE 2. Chemical Composition of
Heats Investigated (wt. %)

Number“ 1 s .
of heats [of Cr Mo vV . v Nb .| Ti w
1—5 0,05 | 1,27 0,27
2 10,124,783 0,79 - I
6qs| 005 | 1,071038410,25 | _ | _ _
— 710,10 | 4,50 | 0,80 | 0,70
16—z6| 9204 | 2,007/ 0,60 | 0,25 | 0,47 f 0
0,12 | 4,50 | 1,00 | 0,45 | 0,85 1,39
a7—3q | :98 | 1,50 | 0,50 _ 02|
0,12 2,50 [ 1,00 | — . 10,65
39._33| 0:08 12,00 | 0,801 10,30 (0,30
= 0,12 | 2750 | 1,00 0,60 | 0,50
34 | 0,44 %’(3)3 0,89 | 0,32 8'38 0,49
2,00 | 0,80 ,5 _
381007\ 355 |Too| — |Too| —

Transfer of carbon from pearlitic temperature-resis-'
tant steels to austenitic steels via liquid sodium is ascribed
to the different thermodynamic activity of carbon [3, 4],
while the rate of the transfer process is determined by the
diffusion coefficients in the contacting steels and in the so-
dium [3-5]. A decrease in the amount of carbon transferred
can be achieved either by reducing the diffusion coefficients
of carbon in pearlitic steels or by lowering carbon activity
in pearlitic steel to the level of carbon activity in austenitic
steel. This can be brought about by lowering the carbon
content and by introducing carbide-forming elements (Ti,
Nb, V, Cr, Mo) into the steel, since these elements simul--
taneously lower the thermodynamic acitivity of carbon and
lower its diffusion coefficient. The activity coefficient of
carbon f¢ in austenite simultaneously alloyed with different
elements E;, E,, E; is found from the equation [5, 6]

fo= 110 reyes, | e

where f% is the activity coefficient of carbon when a particular alloying element is introduced into the un-

alloyed austenite.

There also exists a quantitative dependence of fg on the content of the alloying element, given by the

equation [6]:

lnfg=KENE, (2)

where Ng is the content of the alloying element; Ki is a proportionality factor whlch provides a qualitative

characterlzatlon of the alloying elements

Proportionality factors KE [6, 7] calculated on the basis of experimental data reported by many dif-
ferent authors (Table 1) have been compiled for some of the elements. The lowest Kg value is featured by
titaniutm, as evidence of its great influence in diminishing carbon activity in steel.

Similar effects exerted by alloying elements have been found in the case of pearlitic steels as well [9].
It has been shown that carbon solubility in alloyed ferritic steel, a determining factor of its activity (with
loss of solubility meaning loss of activity); is found as a functlon of the ratio of the content of the alloying

element to the content of carbon (Me/ C).

The diffusion coefficient of carbon in metal, when various elements are introduced, varies in exactly
the same manner [10, 11]. Elements for which the K value is of negative sign (see Table 1) exhibit low

diffusion coefficients for carbon in steel.

The lowest value occurs when titanium is introduced, while, when

nickel and silicon, which have positive Ky values, are introduced, the diffusion coefficient of the carbon

rises.
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Another qualitative characteristic of carbon bonding to the alloying elements is the free energy of
formation of the carbides. Introduction of an element having a low energy of formation of its chemical com-
pound with carbon lowers carbon activity in the steel and at the same time lowers the diffusion coefficient
of carbon in the steel. '

Comparison of the proportionality factors Kg and the values of the free energy of formation of the
carbides A; shows that these are commensurate in qualitative terms. This means that we can make use of
the Aj values instead of the Ky values, while taking the carbon content in molar fractions in the other ele-
ments into account, as well as the stoichiometric ratio of carbon and the alloying element in the formation
of the carbide, to arrive at a qualitative assessment of the steels in terms of their resistance to decarburi-
zation; this is aided by introduction of the parameter B characterizing the alloying level and taking into ac-
count the ability of the steel to resist decarburization.

The parameter B is given by the equation

; .
A; Me
B= g_k— e 3)

where c is the carbon content in mole fractions; k'is a coefficient taking the stoichiometric ratio of carbon
and the alloying element of the co‘rresponding carbide into account.

Corrosion tests were carried out on a wide array of compositions of pearlitic steels in which the con-
tent of the alloying elements was allowed to vary over rather wide ranges, in order to confirm the suggested
regularity, and to make a study of the effect of alloying of the steel on the amount of carbon transferred (see
Table 2).

The tests were carried out on different arrangements: in capsules (including use of the radioactive
isotope C“), in subloops with convective and forced circulation of liquid sodium at flowspeeds v up to 4 m
/sec, maximum subloop temperature 450-650°C, and temperature drop 150-220°C. The purity of the so-
dium, interms of oxygen impurities, was usually less than that assumed to prevail under real conditions
{0.05 to 0.008 wt.% in our experiments). In subloops with convective and forced circulation, the area ra-
tio of the surface of austenitic and pearlitic steels was greater than 200, but much less (Saus/spe R 2) in
the sodium subloops of nuclear reactors. Hence, the testing conditions for the pearlitic steels were much
more stringent than the real conditions under which the materials see service in steam generators.

An estimate of the results of these tests was made.in terms of changes in mechanical properties, in
carbon content, and in the microstructure of flat and cylindrical specimens. Repeated tests established
the possibility of using B as a parameter characterizing the resistance of the steel to decarburization. This
was confirmed by capsule tests with sodium, at oxygen contents ~0.05 wt. % at 600° and 650°C for 4000 h
(Fig. 1a). The criterion for decarburization was the relative change in the tensile strength of specimens
exposed to the sodium stream (o) compared to specimens exposed to an argon stream (o,).

Preliminary experiments were set up to determine how the carbon content affects mechanical proper-
ties, and showed that a drop of 0.01 wt. % in carbon content lowers tensile strength by 1.5 to 2 kgg,pmce
/mm?, This gives some idea of the carbon content. A determination of carbon content in failed specimens
also confirms the regularity in question. We can see in Fig. 1a that absence of decarburization at 600°C
(c4—0y/0y =1.0) has been detected in chromium — molybdenum steels alloyed with 1 wt. % niobium or 0.5
wt. % titanium, and also in steels containing morethan4 wt. % chromium and 0.3 wt. % vanadium. The re-
sults cited are in excellent agreement with the results reported by other investigators [3, 5]. The para-
meter B characterizing these steels is —60 to =70 kcal/mole when the testing temperature is 600°C, and
-75 to —80 kecal/mole when the testing temperature is 650°C, At lower temperatures, less highly alloyed
steels may prove sufficiently stable against decarburization.

Tests were conducted on several pearlitic steels in forced sodium flow (v & 3 m/sec) with an oxygen
content ~0.006 to 0.008 wt. % attemperatures of 450°, 550°, 600°, and650°C. Analysis of thetest results (Fig.
1b) suggests that distinct chromium — molybdenum steels alloyed with different elements are serviceable at
temperatures from 450° to 550°C. The parameter B should be not less than —40 kcal/ mole at temperatures
up to 450°C, for the particular steel, in order to ensure high resistance to decarburization on the part of
the steel, and not less than —50 kcal/ mole at temperatures to 550°C, '

Theoretical analysis (based on the parameter B), and results of comparative tests run in capsules,
in convective subloops, and in forced-flow subloops, showed that steels with minimum carbon content must

241

Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2




Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2

I, cpm ' TABLE 3. Chemical Composition of Steel
Orig- : Grades Recommended (in wt. %)
2000 |21 2
g o // - Grade of steel - C Cr Mo v Nb
;/; ! yd /.)/ .
é/’ j// oM 0,08 | 2,00 | 0,60
1000 /) 1K 0.2 |Z,50 (080 | — | ~
/ 2  iknowrs | 008|200 | 0080 10,25 | 0.55
1Kh2M 0,12 | 2,50 | 1,00 | 0,35 | 0,45
0 75 0 15 20
Thickness, mm )
. be used. However, when we recall that fabrication of
Fig. 2. Depth and degree of decarburization low~carbon steels runs into certain difficulties, and
of steels 1Kh2MFB (curves 1) and 1Kh2M lowering the carbon content may also lower the strength
(curve 2) exposed to sodium stream at 600°C properties of the material, while an increase in carbon
for 2000 h (O) and 5000 h (e). . content will contribute to inferior weldability, we find

that the optimum carbon content must lie somewhere in

the range of 0.1 wt. %. The goal of high resistance to
decarburization is best met by a steel containing 0.1 wt. % carbon up to temperature of 450°C, and in our
view not less than 2.0 wt. % chromium.

Introduction of up to 1.0 wt. % molybdenum is dictated by the requirements of high refractoriness and
structural stability, and the molybdenum does the added service of enhancing resistance to decarburlzatwn
by lowering the diffusion coefficient of carbon in ferrite.

At still higher temperatures (up to 550°C), it will not be possible to attain high resistance to decar- :
burization without resorting to strong carbide-forming elements (titanium, niobium, vanadium), but intro-
duction of these elements inevitably entails greater difficulties in adapting the résulting steels to production
techniques. For example, introduction of 0.5 wt. % titanium and 0.5 wt. % niobium into chromium ~ molyb-
denum steel (see heat No. 33 in Table 2), or introduction of niobium, vanadium, and titanium (see heat No.
34, Table 2), brought about a drastic loss of impact strength (~1 kgso orce m/ cmz) and impairment in weld—
ability. A prime example of poor weldability is provided by the steel grade EI- 631, which contains up to 1 !
wt. % niobium in its composition. !

The above discussion argues in favor of the use of chromium — molybdenum steel, with additions of
vanadium and niobium in slight quantities, for steam generators whose operating temperatures are upwards
of 450°C. Introduction of 0.3 wt. % vanadium and 0.3 wt. % niobium into chromium —molybdenum steel will
decrease decarburization in sodium appremably, but this is paid for with greater difficulties in welding and
machining the steel.

We see that, in the case of steam generators designed for service at temperatures to 450°C, 1Kh2M
steel was recommended, while 1IKh2MFB steel was recommended for steam generators designed for ser-
vice at temperatures to 550°C (see Table 3). The steels selected were subjected to further corrosion tests
in different types of sodium-stream installations. These tests provided further confirmation of the excel-
lent resistance to decarburization presented by the steels 1Kh2M and 1IKh2MFB.

In making a selection of steels for steam generators which would lead themselves best to manufactur-
ing processes, minimization of decarburization of the steels in a sodium stream was kept in mind as the
goal. The method of labeled atoms (C*) was brought to bear in studying the decarburization kinetics, in
determining the effective diffusion coefficients of carbon in these steels, and in finding the possible depths
and degrees of decarburization.

Figure 2 displays results of one of the numerous tests conducted on the steels 1IKh2M and 1Kh2MFB :
in capsules with commercial grade sodium (oxygen content 0.05 wt. %). The depth and degree of decarburi-
zation was determined by the method of layer-by-analysis of the intensity of S-radiation from specimens
exposed in capsules of austenitic steel. . We realize from Fig. 2 that introduction of 0.3 wt. % niobium and 0.3
wt. % vanadium (curve 2) drastically reduces both the depth and the degree of decarburization. Since the
effective diffusion coefficients of carbon in 1Kh2M steel at 450°C and in 1IKh2MFB steel at 550°C are roughly
identical, the depth of decarburization occurring over the time the steam generators areon stream will be
approximately 0.25 mm for 50% carbon losses and 0.8 mm for 25% carbon losses.
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The radioactive isotope C!* was successfully employed as a tracer in establishing the degree of car-
burization of austenitic steel Kh18N9 employed in the vessels of heat exchangers. Calculations backed up
by experiments show that when the amount of carbon transferred from the pearlitic steels 1IKh2M and
1Kh2MFB to the austenitic steel Kh18N9 remains constant, and when the ratio of surface area presented’
by pearlitic and austenitic steels in real power plants prevails, the maximum carbon content on the surface
of the austenite will not be greater than 0.30 to 0.40%.

Consequences of carbon transfer as it affects the mechanical properties of the pearlitic steels and
| austenitic steel were evaluated at the same time. This was done by making laboratory heats of those grades
‘ of steel with reduced carbon content (to 0.04 wt. %) in the pearlitic grades and enhanced carbon content (to
| 1 wt. %) in the austenitic grade. The strength characteristics of the pearlitic steels (long-term ultimate
‘ strength and yield point) were lowered by about 10-15% when the carbon content was reduced to the extent
likely to happen through decarburization in a sodium stream. The long-term strength and the resistance
| to thermal fatigue exhibited by Kh18N9 austenitic steel with enhanced carbon content (0.3 to 0.4 wt. %) re-
mained on the same level as that of steel containing 0.08 to 0.10 wt. % carbon. The observed fall-off in
long-term ductility does not lead to any premature failure. Accordingly, carbon transfer from 1Kh2M and
| 1Kh2MFB pearlitic steels to Kh18N9 austenitic steel does not exert any severe effect on the serviceabil-
ity of steam generators and heat exchangers made from these materials.

Investigations of the mechanical properties of both steel grades were carried out over a wide range
of temperatures and times, and studies were made of the resistance to thermal fatigue, long-term strength
characteristics, optimum heat treatment conditions, and other factors. Both grades of steel respond satis-
factorily to welding. The high corrosion resistance of chromium —molybdenum steels in a water — steam
medium has been generally acknowledged, since they have been in use over a protracted period in steam
boiler structures of electrical power plants under high-temperature conditions, and the steel grades 12Kh-
1MF, 15Kh1MF, and EI-531, close to them in chemical composition, have also received excellent recom-
mendations for this type of high-temperature service. Laboratory tests in water and steam confirmed the
excellent resistance presented by these steels to corrosion in water (or steam).

|

\ The steel 1IKh2M was therefore recommended and accepted for steam generators in nuclear power
plants with sodium-cooled reactors for service at temperatures up to 450°C, and the steel 1IKh2MFB was
recommended for service at temperatures to 550°C.
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ESTIMATION OF THE DURABILITY OF AUSTENITIC STEE'LS FOR

NUCLEAR POWER STATIONS WITH SODIUM COOLANT

G. I. Kapyrin, N, N, Gribov, UDC 621.039.53
Yu. F. Balandin, S, S. Shurakov, :
and T. I. Ivanova :

The construction of large nuclear power stations in the USSR with sodium as coolant has involved the
solution of various technical problems of design [1-3]. One serious problem was to develop structural ma- \
terials and to estimate their service lives. In this article we discuss the most important results of this
research on the service lives of steels for the main elements of the first and second circulation loops and
for certain components inside the reactor.

Operating Conditions of Materials, The maximum temperature of the liquid sodium in plants of vari-
ous designs varied between 500 and 650°C.

With sodium, as in the cases of other liquid metal coolants, the internal pressure is comparatively
low. Thus the mechanical stresses in the reactor vessel, piping, and other components are also low. On .
the other hand, the good heat-transfer capacity of the liquid metal causes a high level of thermal stresses,
both steady and cyclic, due to the sharp temperature changes. The sizes of these stresses and the number
of thermal cycles in plant of this type are greater than in many other power plants. Consequently, thermal
fatigue is a very important factor and must be allowed for in estimating the strength of the structure.

Another type of load in these plants is due to reactive forces caused by incomplete compensation of \
the thermal expansion of the piping, or in welded rigid components. Experience of the operation of thermal |
power stations in the USSR and abroad has revealed that cracks may occur in welded joints in steam pipes
made of austenitic steels stabilized with niobium or titanium, This type of damage, known as "local failure,"
is certainly impermissible in plant of the type in question.

l

\

In addition to the above requirements, the steels also need high corrosion resistance and low embrit- |
tlement under the action of heat and radiation. *

Finally, the steels must be easy to work in metallurgical production conditions and must be weldable.

Main Characteristics of Steels. Steels for the above purpose were chosen on the basis of laboratory
studies of austenitic steels of the simplest compositions.* As a result of this research the steels recom- :
mended were Kh18N9 and Kh16N11M3. The chemical compositions of these steels are given in Table 1,

The minimum yleld points were guaranteed by the manufacturers. For both steels at room tempera-
ture oy 5 = 20 kg/mm?; at 530°C, oy 9 = 10-12 kg/mm? (steel Kh18N9); at 600°C ¢, 2= 10 kg/mm? (steel
Kh16N11M3) Steel Kh16N11M3 has some advantage in high-temperature strength over steel Kh18N9. Thus
for the former, the stress-rupture strength after 10° h at 650°C is 5.5 kg/mm?, whereas for the latter it
is 7.0 kg/ mm?.

Extensive industrial tests on forgings, sheets, and tubes reveals that both steels are metallurgically
easy to work and easy to weld.

Steel Kh18N9 for use in power stations has a composition close to the standard steel of this mark :
widely used in the USSR, However, it has a limited carbon content (0.1% as against 0,12%). The titanium -
content is also kept down (0.1%), though it must be added to give a stable fine-grained structure.

* Perlite steels are unsuitable owing to the1r low corrosion resistance and because of difficulties of welding '
and heat treatment, :

Translated from Atomnaya ]':Jnergiya, Vol. 30, No. 2, pp. 203-206, February, 1971,

© 1971 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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TABLE 1. Basic Chemical Compositions In addition, for both steels the following specifica-
of Steels Kh18N9 and Kh16N11M3 : tions are laid down:
Contents of elements, % 1) The steel is to be prepared from fresh specially-
Steel . o | Ni l Mo ‘ . pure charges, so as to get a high degree of freedom from
‘ harmful impurities.
Kh18N9 <0,1 | 1719} 8—10 — | <0, 2) The content of ferrite phase is to be strictly re~
Kh16N1IM3 |<0,08| 15—17] 10—122,0-2,5| < 0.1 gulated (1-4%) to improve the weldability and avoid thermal

embrittlement.

3) Semifinished products are to be 100% ultrasound-tested to avoid turning out components with flaking,
cracks, or other defects, »

Resistance to Thermal Fatigue. As stated above, operation of nuclear power stations with liquid met-
al coolants involves high thermal stresses, especially during nonsteady temperature conditions. A long
time elapses between successive thermal cycles, and during this time individual components are acted on by
gradually relaxing thermal stresses. '

In starting our research we were confronted with two alternative approaches to the selectionof a struc-
tural material, The first consists in formal summation of the mechanical and thermal stresses and adoption
of a reserve margin of the strength characteristics. In this case, in the design of the plants we should re-
quire steel with very good strength characteristics, which would be awkward from a technological viewpoint.

The second, more correct approach to the choice of material consists in dividing the loads and deter-
mining the requirements from the actual service conditions of the material., This approach involves the
necessity of establishing some minimal strength level (yield point, stress-rupture strength) which exceeds
the actual mechanical loads with a certain margin, and some thermal fatigue resistance which will be the
theoretical characteristic. A preliminary analysis revealed that with this approach one can correctly choose
austenitic steels of simple composition, which are easy to work and weld.

Realization of the approach (the only correct one) involved some difficulties. Despite the extensive
research which has been done on thermal fatigue, many problems, even some general ones, remained ob-
scure. Thus there was some disagreement on the basic parameters which must be assigned in comparing
different materials; practically no work had been done on the time dependence of the thermal fatigue; and
so forth. Thus there were no unique methods of investigation,

Extensive research was performed to fill these gaps [4].

As the basic parameters most correctly representing the behavior of the materials, we chose Ae, the
total deformation per cycle (elastic plus plastic), tpyax, the maximum temperature of the cycle, and Te. the
mean time spent at the maximum temperature in one cycle.

To study the time dependence of the thermal fatigue resistance we used the well-known Coffin appa-
ratus. An important departure from Coffin's original method was that the tubular specimens were periodi-
cally kept for a given time at the maximum temperature of a cycle. During this process the specimens
were acted on by relaxing thermal stresses, the level of which was restored after successive cooling and
heating.

Experimentally we plotted two main graphs, serving as a basis for thermal fatigue calculations: we
plotted the number of thermal cycles to failure versus the total deformation per cycle, and also the number
of cycles to failure versus the retention time. By processing the graphs mathematically one can obtain the
expression o

i
1 A41\e
N= 4 (v (‘AT) '
where A, g, and b are coefficients which are found experimentally for each mark of steel from the deforma-
tion and time dependences. ‘

This formula is the fundamental equation for calculations on the thermal fatigue of structural elements.
The values of Ae at the danger points are found by simultaneously solving problems in the theory of thermal
conduction and in the theory of elasticity,* To avoid errors associated with the transition from laboratory

*If the thermal stresses exceed the elastic limit, the values of Ae found from the formula of the theory of
elasticity must be corrected by introducing appropriate factors.
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TABLE 2, Influence of Austenitization on Tendency of Steels

Kh18N9 and Kh18N10T to LFZS (tested at 650°C for 10 h)

s of lu-
. Number of cyc-Re,sult of lu Depth of cracks,
Steel State of specimen minescent
les L, mm
: monitoring
Kh18N9 1Initial 5 Narrow cracks 0.57 1
- Kh18N9 After austeniti- 14 Slight tears 0.175 !
zation 1
Khi8N10T The same 3 Continuous 4.3 ‘
) cracks
Khi8N10T - " ) The same 9.0

specimens to full-scale components, the thermal fatigue calculations must allow a certain margin, From
analysis of published data and from special experiments on the effects of certain factors (scatter of experi-
mental data, scale factor, surface cleanness, effect of rigidity of state of stress, influence of the medium,
influence of loss of plasticity owing to irradiation, ete.) it was deemed possible to take the safety margin
in the number of cycles to be 20.

The permissible cyclic deformations for operation of plant with a service life of the order of 200,000
h are as follows: 0.45% for working temperatures up to 550°C; 0.34% for working temperatures up to 600°C,
and 0,27% for working temperatures up to 650°C.

If several types of cyclic load act on a component, then we must base our approach on the concept of
independent action of the loads and summation of the damage [4, 5]. A similar approach can be used to al-
low for the simultaneous action of thermal and mechanical stresses.

In conclusion we note that the calculations have revealed that the thermal and mechanical loads aris-
ing in practice are safe for components made of steels Kh18N9 and Kh16N11M3,

Tendency to Local Failure in Zones near Seams. As a result of analysis of the methods of studying
the resistance to local failure in zones near seams (LFZS), it was established that they have certain draw-
backs which render them unsuitable for assessing the service lives of welded joints in nuclear power plants,

A new test was therefore developed, based on a welded T-piece made from bars 40 mm thick. Such
a specimen permits creation of high stresses in the corner seams by welding loading beads on to the base
of the T-piece. We monitored the cracks arising near the corner seams after the specimens had been kept
for a long time at various temperatures. In addition to these tests with once-only welding of the beads and
once-only heating, a more sensitive method was also used in which the seam zone was subjected to cyclic
loads. In this case the specimen of austenitic steel was kept for 10 h in a furnace at 650°C. After cooling
in air, an additional bead was welded on and the specimen again kept at 650°C for 10 h, After three such
operations the bead is removed, a new layer welded on, and so on until a crack forms.

In the experiments described below, as well as steels Kh18N9 and Kh16N11M3 we investigated titanium-
stabilized steel Kh18N10T,* which can be regarded as representative of steels with marked tendency to
LFZS. To account for the possible influence of the metallurgical smelting conditions, T-pieces were made
from steels Kh18N9 and Kh16N11M3 from ten different commercial smeltings, The specimens were kept j
at 650°C for up to 1000 h, In no case did we observe the formation of cracks. Inspecimens of steel Kh18N10T ‘
cracks arose after 30-50 h at 650°C. At 550°C cracks were observed after about 1000 h, Thus it was shown |
that steels Kh18N9 and Kh16N11M3 are much less liable to LFZS than steel Kh18N10T. This result must.in |
the first place be attributed to the presence in steel Kh18N10T of a comparatively high titanium content. The |
high metallurgical quality of the steels Kh18N9 and Kh16N11M3 also played an important part. ’ ! J

For a more detailed comparison of the two steels with small tendency to LFZS we carried out experi-
ments on cyclic heating and cooling of T-pieces. These experiments revealed that steel Kh16N11M3 is some- ‘
what less prone to LFZS than steel Kh18N9, |

* Titanium content 0,5-0,7%.
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It is recommended that welded-joints of austenitic steels stabilized with.titanium should be subjected
to austenitization, There is disagreement on the necessity of austenitizing welded structures made of steel
which is not very liable to local failure, This is largely due to the lack of a method for assessing the effects
of -austenitization on the tendencies of these steels. to LFZS. The results of experiments with T-plece spec-
imens are listed in Table 2

The data in T'able 2 again confirm the marked advantage of steel Kh18N9 over steel Kh18N10T. They
also enable us to draw conclusions on the advantageous influence of austemuzatxon on steel with 11tt1e ten-.
dency to LFZS.

Thus in bu11d1ng structures for nuclear power stations of steels Kh18N9 and Kh16N.11M3, the danger
of LFZS is minimized, eSpec1ally if austenization is used.

In estimating the service life of the steels, other experiments were also performed which, in particu-
lar, revealed that at the working temperatures steels Kh16N11M3 and Kh18N9 have high corrosion resis-
tance to liquid sodium, does not undergo thermal embrittlement, and its properties are relatlvely unaffected

- by irradiation.

From the above investigations we. can conclude that steels Kh18N9. and Kh16N11M3 should prove re-
liable in the structures of nuclear power plants with sodlum coolant,
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ESTIMATE OF THE EFFICIENCY OF FUEL ELEMENT JACKETS
IN FAST REACTORS

Yu. I. Likhachev, A. A, Proshkin, UDC 621.039.52.034.6
and Zh., N. Shcherbakov : ‘

In designing fast reactors (USSR), it became necessary to devise methods for calculating the efficiency
of airtight cylindrical fuel elements. Estimates of the efficiency of such fuel elements are considered for
different models of simultaneous operation of the fuel and the jacket [1].

According to the first model, a clearance, filled with gas or the sublayer material, which remains
liquid throughout the range of operating temperatures (for instance, sodium), is maintained between the
fuel and the jacket throughout the operating life of the fuel element. In this case, the jacket experiences,

besides the external coolant pressure, which increases with fuel

- 6x | ' depletion, also the internal gas (or liquid) pressure and the ther-
kg/mm? ' mal stresses due to the thermal field gradients, which are subject
“ 1 to relaxation in time., Moreover, the jacket is subject to thermal -
15 o // cycling (as a result of cooling and transient operating conditions). -
_ If the external coolant pressure is high (gas-cooled reactor),
0 _“'—‘7———'——-— the jacket may lose its stability, which can cause the collapse of
5 N 2 / the unsupported compensating volume or produce a longitudinal
\ crimp along a portion of the fuel element, where the oval jacket
0 n, rests against the fuel core. :
5T IE 150t _
i : / ,\ Lh An irreversible increase in the jacket length due to thermal
/1 __\ JE I cycling (thermomechanical "ratchet” [2]) is also possible after an
- £ st 0 \ ( oval jacket comes into contact with the core,
45 \ In another model, it is assumed that the jacket and the core
\ are in contact throughout the operation or during a part of it. There-.
20 \ fore, during the constant-load operation of the reactor, the jacket
\ must withstand not only the internal pressure of the gaseous fission
-25 \ products, but also the pressure exerted by the swelling fuel.
30 \ . If the fuel element is designed so that the core is rigidly
\ bound to the jacket (for instance, through a solid, hard sublayer
-35 with a good bond at the contact surface), reversible plastic strain
can occur in the jacket as a result of thermal cycling, Then, in de-
40 termining the kinetics of the stressed state of the jacket, it is nec-
Fig. 1. Operating axial stresses essary to take into account the change in the stress — straindiagram
in the hot (550°C, curve 1) and the of the material from one thermal cycle to another [3, 4]. In this
cold (500°C, curve 2) sides of the case, the jacket operates under especially difficult conditions be- -
jacket for the median section along cause of the strength requirements, which must be considered in
the fuel element: ) with an designing the fuel elements (thus, it is necessary to match the ther-
allowance for the nonuniform swell-  mal expansion coefficients of the fuel and the jacket). In principle,
ing of steel; - - - ~) without an al- reversible plastic strain can also be caused by nonuniformities of :
lowance for the nonuniform swell- the jacket's thermal field (in the case of considerable peripheral -
ing of steel. temperature nonuniformities and large thermal fluxes). It should be ‘

Translated from Atomnaya Energiya, Vol. 30, No. 2, pp. 206-211, February, 1971,
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mentioned that tangential and radial temperature gradients do not cause reversible plastic strain in fuel
elements designed for fast reactors,

Since stresses in the jacket vary to a large extent in operation, the strength calculations must be per-
formed with respect to the cumulative damage by using the well-known concepts forwarded by Miner [5],
which were developed further in [6-9].

Considering the damage to the jacket material due only to the prolonged action of stresses at high tem-
! peratures, we write the following condition for the time top of safe jacket operation:
: . _ .
S?p(UeKU)n dt _ )
I (1)

where ap ~ 0.8 is the factor of susceptibility to damage at rupture; Ky is the relative stress safety factor;
‘ D(T) and n(T) are the long-term strength characteristics ént D), determined from tests inside the reac-
‘ tor; and 6, is the equivalent stress [8] responsible for mlxed failure (along the boundaries and through the
body of grains).

Another possible approach is to use the intensity of the inelastic strains accumulated in the material
as the criterion in estimating the efficiency of a jacket:

g == V(Si —&2) 4 (g —&3)% - (83— €1)2 < <% 21: ‘ @

where & is the rupture strain, determined from tests inside the reactor, and Ke is the strain safety fac-
tor. Rk

The strain criterion can be conveniently used for relatively low temperatures, whenlong-term strength
calculations are not representative.

Effect of the Peripheral Nonuniformity of Temperature Distribution

on the Swelling of Steel

\

|

| ,

Nonuniformities in the peripheral temperature distribution, which are especially pronounced for fuel

elements near the walls of in corners, can produce considerable stresses. Therefore, in certain cases,
it is absolutely necessary to take into account their effect on the jacket efficiency. It should be mentioned
that nonuniformities in the peripheral temperature distribution affect the fuel element efficiency especially
in the case of large integral fast neutron fluxes, since they lead to nonuniform swelling of steel. Nonuni- -
form swelling along the jacket perimeter under conditions of confined fuel element deformation (small clear-

| ances) causes additional stresses and mechanical deformations in the jacket..

' The azimuthal development of the temperature fields of fuel elements has been investigated in many
experimental (casting of mock-ups of fuel element packages) and theoretical papers [10-12].

The flexure of fuel elements due to tolerances usually amounts to only a fraction of the thermal bend-
ing of a free jacket, so that the element axis can be considered as being virtually straight, In view of the
small axial temperature gradients, individual jacket sections can be considered independently of each other,
thus reducing the problem to a plane problem,

The method of variable elasticity parameters, described in Birger's papefs [13, 14], is used
for determining the kinetics of the stressed — strainedstate of jackets under conditions of nonisothermic load-
| ing and irradiation with an allowance for instantaneous plastic and creep deformations.

The change in the stress —‘st'ra.in diagram of the jacket material caused by irradiation is taken into ac-
count, The problem consists in considering an anisotropic elastic jacket with variable elasticity parameters
and additional strain; the jacket temperature is determined by the function T(z, @, t).

The loading process is divided (in time) into & number of small stages, and the increments of the stress
and strain components are determined for each stage.

For a thin-walled jacket (cy = 0), the physical dependences (in terms of increments)* are written for
the n-th loading step (Apt =ty — ty-)):

* The notation is explained in [13].
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. ) ! '
Apty = (Ciiin)) AnGy -+ (szm)> AnGo - {Pxrmy) AT - {Prnemy) Aam + (‘ch(n)> Ant -+ ;‘AnSJ (3)
Ange = <Cizm)) Anoy -+ (sz(n)> Arcg +<§Per(n,) AT +{Pencm,) An+ (q)ec(n,) At + 5 ARS,

where the elastlclty parameters are given by

E
1 F )
Con=F + (200 —0x)f* 5 o (4

1 F
Cyy =+ +(20.—o0¢)? 'éa_‘: ;

o w F
Cii= — 4 +(20; —06) (206 —03) 52

while the functions of the additional strains are giveri by the following expressions:

___d(aT) 1 i ZUx—O'e
‘?’?_T‘ffdr—,‘fzf'dr (0x = *“’e)—— i et =g Fri
_d(eT) 1 dE dp 20— 0x .. .
o == S — g+ (00 —0x) — - Ok~ P (5)
. 205 —0 205—0 '
Py == 3 Fyi @eq= _63 me

(ch— 3 8 F;, q)ec—- 3 Fe;
the thermal expansion coefficient ¢, the elasticity modulus E, and the Po1sson coefficient 1 are considered
to be known functions of the temperature T; the increment of the vqk1u1r21e of the jacket material due to swell-
ing is equal to ApS = S(tp) — S(tp-1), where S = As(ét)mSeQS / T—Q /T? is the experimental dependence of the
steel volume on the integral fast neutron flux &t and the temperature [15].

The plasticity function for the active load is

11y, 3 .. 3
Fo0iTn) =5 (gr—F) 5 FaloTw) =55 Fr (@) =55 (B + - 27 01) ;

the plasticity function for the load release and neutral strain [14] is
' Fo=Fp=F,=0.. (6)

The quantity Ek(alT ) is the indirect modulus of the deformation curve (cj— slp) for the assigned tempera-
ture and level of radlauon damage (T = const,n = const, oj = var); gjp is the cumulative plastic strain at'a .
certain time of loading. The level of radiation damage is determined by a certain characteristic n (for in-
stance, the number of displaced atoms [16] or the integral neutron flux), The thermal pliability coefficient
B(aiTy) of a material that has sustained a certain level of radiation damage is determined in constant-stress
tests at variable temperatures i = const, ¢j = const, T =var). The quantity Y(0iTy) is the radiation pli-
ability of the material, which must be determined by means of tests inside the reactor at a constant stress
and temperature (o = const, T = const, n = var). For an approximate determination of Ex, 3, and v, it is
sufficient to have a set of tensile stress — strain curves for different temperatures, plotted on the basis of
short-term tests of jacket material speciméns, which have been 1rrad1ated to certain levels of radiation
damage at operating temperatures.

According to the theory of hardening, the creep function is

Fc_—ol” ‘B(T ), : (7)
where
' e
. B(T, sic):Bie 31 ,eH(r’ 8;c) ,

H(T, gjc) —[51c/€1c H(T) for gjc < 51c the stage of unsteady creep; 'H(T, gie) = H(T) for i’lc Elc — the
stage of steady creep: gj¢ = [dejc is the cumulative creep flow; and &j¢ = Bye™ Q* To{n is the deforma-
tion in transition to the stage of steady creep. :

On the basis of data from [17], considering that all the components with the exception of the axial dis-
placement u = xex, must be independent of the coordinate x in the case of a straight jacket axis, we write
the differential equation for an elastic anisotropic thin cylindrical jacket in the following form:
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| % 67 [féAn xo+158( dsz@nzw ’§‘£%])]_—[j2An Exo ""fiTe (%gj’_Anw)]

1 2(AnTe9) 1 :
o= —AnP+7z—-+22°--7AnT1e: (8)
| ! fse (@Anw . dA f1o (db d(AnTag) 1 d(AnTyg)
; g fibnean + 22 (Camt 4 2y ] L L [ Fnnnt 2 (a0 —Bw) | = g A g (@)

e r a8

where Apv and Apw are the increments of the tangential and radial displacements; r is the jacket radius,
and App iés the gauge pressure increment. The state of the basic surface of the jacket is determined by the
- : : :

} equation S E*u®z dz = 0. The following coefficients are used in Egs. (8) and (9):
=6 s 8

f fie= | B'peds; fo= | E*ay
‘ -83 ~8 ‘
82 02
fo= | E*zdzs fro= | Evperds;
—81 —01
b2 b2
AnT1o= S Buogdz;  AnTze= | Anctzdz; , (10)
.._61 ._51 .
Bt Crs . Cu . Cos ,

T Ch—CyCym’ MOT T, Mx T T’
Aoy = E* (uzAet — Ae§); Aok = E* (Ack — poAcd);
AeF = (9sr) AT 4-(@jn) A + (pse) At + - AS

(j==z, B).
The integration constants of the system of equations (8) and (9) are determined from the periodicity
condition
A (8) = Anw (0 +2m); A (0) = Ayw (B 4-2m) : (11)

and the conditions for the random translational motion and rotation of the fuel element as a whole:

Anw (B = Op) = Apug;

: (12)
, _ . Ar® (0 = By) = Anp,. .
Moreover, the equilibrium condition
2n [
r{de | Awo.dz=a.N,, (13)
. 0 —01 .
where N, is the longitudinal force, is satisfied.
The stress increments are determined by the expressions
Ano, =E* [P‘xAnaxo -+ A_neeo T “:‘ . dA,,cp] Ano%;
z dA V

AnGe = E* [PeAnGeo + Anexo P«e - n(P] AnGe, (14)

: 1 fdAnv dAne 1 (d2A,w | dApvy
Ane@":T( g — Onw ) dg¢=7(deg +d§)'

€@ and £x, are the strains of the middle surface,

The system of equations (8), (9) is solved analytlcally by expanding in Fourier series certain combi-
nations of the coefficients (10)

At each loading stage, the increments of the stress components are determined by using the stress
values at the end of the preceding stage, while the parameters are determined more accurately by using the
method of successwe approximations [13].

Computer programs have been developed for inveétigating the kinetics of the stressed — strained state

of fuel element jackets under transient conditions as well as under steady operating conditions of the reac-
tor, ' '
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Calculation Results

An estimate of the efficiency of fuel element jackets based only on stresses due to a nonuniform tem-
perature distribution along the perimeter (without an allowance for the swelling -of steel) has shown that this
nonuniformity plays a considerable role at relatively low temperatures and pressures, At high pressures
and temperatures, the stresses due to a nonuniform temperature distribution along the perimeter relax rap-
idly and contribute little to the susceptibility to damage.

If the nonuniformity of the temperature distribution along the fuel element perimeter is slight (cen-
trally located fuel elements), a swelling of steel that is almost axisymmetric hardly affects the mechanical
deformation of the jacket in the case of a gaseous model and only provides a certain contribution to stresses
as a result of nonuniform swelling due to the temperature drop along the thickness of the jacket.

In the case of rigid contact between the fuel and the jacket, axisymmetric swelling of steel can play
a considerable role in reducing the mechanical stresses and strains in the jacket.

The peripheral nonuniformity of steel swelling can produce additional mechanical stresses and strains
in both models.

We shall provide an estimate of the efficiency of jackets of the fuel elements near the walls in the mo~
nocarbide zone of the BR~5 reactor with an allowance for the nonuniform swelling of steel, Cylindrical fuel
element rods with the UC fuel in the shape of baked tablets and steel OKh18N9T jackets are considered. A
fairly large clearance, which persisted.until the end of the run, was provided between the fuel and the jack-
et. The peak value of the temperature nonuniformity along the perimeter of a fuel element was 70°C [121,
which corresponded to axial stresses of 10 kg/mm? in straight fuel elements. The calculations were per-
formed for a 5% depletion, while the integral flux with respect to fast neutrons with E > 0.1 MeV was ~3
- 10 neutrons/cm?, ’

Figure 1 shows the variation of the operating axial stresses in the hot and the cold sides of a jacket
for the median section along the fuel element, which were calculated on the basis of the above theory. The
solid curves represent the stresses with an allowance for the nonuniform swelling of steel due to irradiation;
the dashed curves indicate the stress variation in time without an allowance for the nonuniform swelling of
steel. It isobvious from the diagram that the pattern of the jacket's stressed state changes considerably
during a run as a result of nonuniform swelling. '

Analysis of the efficiency of fuel element jackets shows that nonuniform swelling of steel reduces the
jacket efficiency; the stress safety factor is reduced from Ky = 2.1 (without an allowance for the swelling
of steel) to 1.04. A safety factor close to unity indicates the possibility of fuel element failure. Actually,
large-scale tests of the airtightness of packages [18] with fuel element jackets made of 0Kh18N9T steel (de-
pletion = 4.5%) have shown that all of them had defective fuel elements.

LITERATURE CITED

1. Yu. L. Likhachev and V. V. Vakhromeeva, "Long-term strength and creep of fuel element jackets in
fast reactors," Collection of Papers at the SEV Symposium on Fast Reactors [in Russian], Vol. 2,
Obninsk (1968), p. 812.

2. E. Duncombe and I. Goldberg, Nucl. Appl. and Technol., 9, 47 (1970). ,

3. V. V. Moskvitin, Plasticity under Variable Loads [in Russian], Izd. MGU, Moscow (1965).

4.  Collection: Strain and Failure Resistance at Small Numbers of Loading Cycles [in Russian], Nauka,
Moscow (1967). :

°. M. Miner, J. Appl. Mech., 12, No. 3, A~159; Trans. ASME, 67, 159 (1945).

6. S. V. Serensen, Zavod. Lab., No. 3, 337 (1953); No. 11 (1958); Vestnik Mashinostroeniya, No, 1, 11
(1962).

7. 8. N. Zhurkov et al., Zh, Tekh., Fiz., 23, No. 10, 1677 (1953); Dokl. Akad. Nauk SSSR, 101, No. 2,
237 (1955); Vestnik Akad, Nauk SSSR, No. 11, 78 (1957); Zh. Tekh. Fiz., 28, No. 8 (1958).

8. Yu. N. Rabotnov, Creep of Structural Elements [in Russian], Nauka, Moscow (1966).

9. Yu. I. Likhachev, in: Strength at Small Numbers of Loading Cycles [in Russian], Nauka, Moscow
(1969), p. 205, , C

10. V. I, Subbotin et al.,,At. Energ., 9, 461 (1960),
11.  P. A. Ushakov, At, Energ., 13, 162 (1962).
12, Collection: Liquid Metals [in Russian], Atomizdat, Moscow (1967).

252




Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2

13, 1. A, Birger, Izv, Akad, Nauk SSSR, Mekhanika, No. 2, 113 (1965),

14, I. A. Birger and 1. V., Dem'yanushko, Mekhanika Tverdogo Tela, No. 6, 70 (1968).

15. T. Claudson et al,, Nucl, Appl, and Technol., 9, 10 (1970).

16, W, Sheely, Nucl, Science and Engineering, 29, 165 (1967).

17. 1. A. Birger, Round Plates and Shells of Revolution {in Russian], Oborongiz, Moscow (1961)

18, N. N. Aristarkhov et al., Experimental Investigation of Methods for Detecting Packages with Non-
hermetic Fuel Elements in the BR-5 Reactor, Report at the-Scientific-Technical Conference of SEV
Member Countries (Ul'yanovsk, 1970).

253

Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2




Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2

INVESTIGATION OF PROMISING URANIUM CARBIDE AND
PLUTONIUM CARBIDE FUEL COMPOSITIONS FOR
FAST REACTORS

I. 8. Golivnin, T. S. Men'shikova, - UDC 621.039.542.344
F. G. Reshetnikov, I. G. Lebedev,

V. I. Kuz'min, B. D. Rogozkin,

V. V. Artamonov, R. B. Kotel'nikov,

V. S. Belevantsev, S. N. Bashlykov,

Yu. K. Bibilashvili, V. S. Mukhin,

G. V. Kalashnik, A. S. Piskun,

L. K. Druzhinin, and G. V. Titov

In the first industrial reactors using fast neutrons the fuel used is uranium dioxide, or else a mixture
of uranium dioxide and plutonium dioxide, which provides reliable fuel-element operation under conditions
of high stress (high power density, fairly high temperatures, and high burnup values).

However, because of the nuclear-physics propertiés of oxide fuel, it is not the best fuel for the pur- ‘
pose. ' ’

It has been shown by calculations that the use of carbide fuel may reduce the fuel doubling time by a
factor of about 1.5. Consequently, in recent years serious research has been done on carbide fuel both in
the Soviet Union and abroad. |

In a number of countries (France, England, the Federal Republic of Germany, the United States, and
others) extensive carbide-fuel research programs are being carried on, and designs for reactors using car-
bide fuel have been worked out (MFR, KNK). ‘

Operating experience with the carbide zone of the BR-5 reactor in our country has shown that there
is a real possibility of using carbide fuel in fast reactors. At the same time, it has become evident that
there is a need to improve the methods for obtaining monocarbides with compositions close to stoichio-
metric, to investigate the possibilities of suppressing the harmful effect of carbon by alloying or by apply-
ing protective coatings, and to study how the processes of gas formation and swelling vary as a function of
temperature and burnup.

In comparison with oxide fuels, carbide fuels have the advantages of higher thermal conductivity and
a higher percentage of the fissionable isotope. The disadvantage is that carbide fuels swell more under ir-
radiation at temperatures above 1500°C. Therefore

TABLE 1. Composition of Carbides Obtained the advantages of carbide fuel can be utilized only if the
by Different Methods fuel element is properly designed. In order to reduce
Chemical composition, % by swelling, it is desirable to use a fluid with good ther- -
Method of obtaining the -[weight : mal conductivity (for example, sodium) between the core
carbides carbon oxygen Egéo- and the jacket, which considerably lowers the tempera-

ture drop and thus lowers the temperature at the center

Carbidization of uranium, 4,80—4,85 | 0,01—0,05 | 0,02 of the core. But using sodium involves a new problem:

with gas X
Carbidization of uranjum,; 4.80—4;90 | 0,00—0,1 1 0.05 the transfer of excess carbon to the jacket and the car-
oxides 4.2—4.6 | 0,001—0.04 | 0,04 bidization of the jacket.

Carbidization of pluto-
nium solid carbon

) Translated from Atomnaya Iflnergiya, Vol. 30, No. 2, pp. 211-216, February, 1971. Original arti-
cle submitted

© 1971 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. Al rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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However, there is a way to avoid the harmful ef-

- - fect of the carbon by working out improved techniques
g E % 23g8gss8 g 3 for obtaining carbide in stoichiometric proportions, by
ENE s SaaHIa A “alloying the carbide with elements which bind the free
g E § cgsges 2 g carbon, or by applying protective coatings. Tests must
g B 2 SRS I be made under irradiation conditions to determine which
| - of these methods is most effective. )
- ® 5 g . v
g1 £ |58|29%%88 2 % N, . ,
e ke Obtaining Monocarbides of Uranium
o S o
g g I G BweBne B 0 - and Plutonium and Mixtures of These
2 = g SRR T T : p— -
o Specimens for the. prereactor and reactor tests
@ 5 5w were prepared by the familiar methods of powder metal -
- 5 8% | ©o- ¢ 0o w © R . ’ : :
qg 5 S o] eweowee © o lurgy (1, 2] — by pressing and sintering, and also by hot
Al &8 = pressing. By these methods, it was possible to obtain
o) g § g BB we e e o cores with prescribed dimensions which had densities
g1 52 N | eerete « of 12.7-13.0 g/ cm®. '
g S & 5w i f § f § E ogo E Powders of the compounds were obtained by two
E < L8 e NS . o
= 1982158 methods: carbidization of the oxides by solid carbon,
S S22 o | s e o o and gas carbidization of the metals.
Z 05 = = 35S 99 =) =) ’ '
E % 2 g cececs o @9 The compositions of the carbides obtained by the
X ; _different methods are shown in Table 1. Figure 1 shows
e :;3 the typical microstructures of specimens made of ura-
g g = o nium monocarbides and of a UC + PuC mixture. As can
- Vot © | ] - . i B
0 £ 8 = be seen from these data, by the use of the above-men-
_5 25 tioned methods it is possible to obtain a carbon content
-‘;«'; - which is close to stoichiometric and to keep the oxygen
N 3 content between 0,01% and 0.1% by weight. These quality
g ° § § § § § § <§ § indicators of the re.sulting ‘materials are not l.imiting
0 3 SaFaaa I % values and may be improved through further improve-
3 § ments in technology. '
B E=]
H S The protective coatings were applied to the cores
8 g by electron-beam spraying in a vacuum, which made it
i @ cocococoo o o possible to obtain uniform coatings (25-35 y thick) that
b é« BB DO O 2 ® adhered well to the substrate [3].
= g
-:'é : = One of the main questions involved in the possible
3 use of carbides in industrial reactors, which have con-
g siderably higher temperatures and burnup values than
3 g E £ E : Y , .
3 = 2.3.3., . . the BR-5, is whether the fuel is compatible with the
< é S 2 3 jacket, whether it swells, and whether it generates gas.
g This compatibility was investigated under both pre-
w — . reactor and reactor conditions.
b~ N TS >~
3 : g5 5 . '
e .36 6 7% Investigation of the Compatibility of
. > e 9 bl
[S) . . RN [ ]
a - T S T Carbides with the Jacket Materials
3 saas9E B OE '
3 5 éo.!:;oigibgoz%’ ?30 % (0OKh16N15MZB Steel)
o 2 SesBan*: * ®g e el
Frxr2%n » »n3 Investigation before Irradiationinthe Reactor. The
o CEBEREE C; o o o©E compatibility of the carbides was investigated on spe-
= EEEY SR 2825 5 cial specimens simulating fuel elements (Fig. 2). The
/M eTed ‘E;e 208 DS 2 compatibility investigations included microstructure,
ﬁ 58888838 *8°7 x-ray structure, and chemical analyses, as well as de-

terminations of the mechanical properties of the jacket.
The results of the tests, conducted at 800°C and lasting
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Fig. 1. Microstructures of uranium and plutonium monocarbides (x 200): a) ura-
nium monocarbide obtained by carbidization of uranium with propane gas (stoichio-
metric); b) uranium monocarbide obtained by carbidization of uranium dioxide with
carbon (superstoichiometric); ¢) mixture of uranium and plutonium monocarbides
obtained by carbidization of oxides.

Fig. 2. Specimen for studying compatibility: 1) carbide pellets; 2) outside con-
tainer made of 0Kh18N10T steel; 3) jacket made of 0Kh16N15MZB steel; 4) sodium
level; 5) weld.

Fig,'3. Microstructure of a fuel element jacket (0Kh16N15MZB steel) after test-
ing (core made of uranium monocarbide, 5.0-5.1% carbon by weight, x 200). Be-
fore irradiation: a) kept at 800°C for 4000 h; with a helium-filled gap, the mate-
rial does notinteract. b) after 4500 h at 800°C, with a sodium-filled gap, the inter-
action zone is 100 y deep. After irradiation (c): operation at 640°C, burnup value
6.3 atomic percent.

up to 5000 h are shown in Table 2. It can be seen from the table that if the gap is filled with helium, car-
bide of stoichiometric and superstoichiometric composition does not interact with OKh16N15MZB steel. If
the gap is filled with sodium, carbide of stoichiometric composition does not interact with the jacket, but
carbide of superstoichiometric composition does interact, forming a layer approximately 100 y thick; the
carbon content of the steel is increased to 0.77% by weight. This is accompanied by an increase in the
microhardness from 210 to 260 kgf/mm? and by a decrease in elongation from 45% to 10%. The interaction
structure can be seen in Fig. 3.

Alloying the superstoichiometric carbide with chromium led to improved compatibility in the presence
of sodium, and the increase in the chromium content from 5% to 9% by weight had a favorable effect on com-
patibility.

The application of a chromium coating to the superstoichiometric carbide pellets prevented the trans-
fer of carbon through the sodium to the jacket. The mechanical properties remained at their original level.
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Fig. 4. Ampule for testing in the SM-2 reactor: 1) core;
2) gap; 3) jacket; 4) outside can; 5) thermocouple; 6) chan-
nel. '

The compatibility of (UPu)C + 5% M,C; by volume was found to be better than that of UC + UC,. Apparently
the tendency of the sesquicarbide phase to transfer its carbon is not so strong as that of the dicarbide phase.

Investigation after Irradiation in the Reactor. In order to study the behavior of the carbide fuel during
irradiation, we developed a special ampule which enabled us to measure the jacket temperature during the
irradiation process (Fig. 4). The fuel element is designed with a porosity of approximately 20%, consisting
of the volume of the gap between the jacket and the fuel and the volume of the pores in the pellets. The gap
measured 0.18-0.4 mm diametrally, and the effective density was 10.92 g/cm3.

After irradiation, carbidization is observed in the jacket, the depth of interaction depending on the
composition of the carbide, on the irradiation temperature, and on the medium. In the specimens with a
sodium -filled gap the carbidization is more intense.

- Table 3 shows the data on the compatibility of uranium carbides with 0Kh16N15MZB steel during ir-
radiation. It can be seen from the data that under reactor conditions the temperature at which the interac-
tion begins becomes 200-250°C lower than in the tests conducted prior to placement in the reactor. Thus,
carbidization of the jacket to a depth of 100 u was observed in the reactor at 640°C (see Fig. 3c), but when
there was no irradiation the interaction was not observed below 800°C. It should be noted that under reactor
conditions, carbidization of the jacket also takes place in the presence of helium, probably because of the

transfer of carbon through the gaseous phase (CO).

A chromium coating prevents interaction both under prereactor conditions and under reactor condi-
tions. The protective layer of chromium was satisfactorily maintained after irradiation. In addition to
compatibility, after irradiation the swelling of the specimens, their density, and the volume of gases

TABLE 3. Results of In-Channel Tests on the Compatibility of Uranium Carbides with
0Kh16N15MZB Steel (After irradiation)

Depth |Ultimate Elongation, Microhard-
Tem- . of in- s}rength, kef |, ness, kgt
. Duration of - |/mm /mm R Kk
Fuel medivm pera- | T erac [after Iafter afer emar
ture °C ’ FOM  knitial 'yest- |initial'test- initiall?est-
1H ling jing ing
UC (5.19%C by weight)| Sodium | 500 | - 6500 400 | — | — | — | — | 210 210 IntheSM-2
reactor
© UC(5.1% C by weight)| Heljum-| 500 6500 100 — — — — 220 | 290 {The same
UC (5.4%C by weight) " 570 | 7300—29300(10—30| 73,5 *| 85,0 | 47,0 | 1.3 | 240 | 400 |IntheBR-5
: reactor
UC (5.0% Cby weight)| " 640 6500 100 | — | — | — | — | 220 | 400 |The same
UC (5.1% Cby Sodium | 460 6500 None | — — — — 220 | 290
weight) ~— with
chromium

* The tests were conducted on annular specimens [4].
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Fig. 5. Microstructure of uranium monocarbide after irradiation (burnup
value 6.3 atomic percent, x 230): a) center; b) periphery.

generated were also determined. The irradiation conditions and the main results are shown i_n Table 4.
For purposes of comparison, individual data on the irradiation of uranium carbides in the BR-5 reactor are
also shown [4].

The specimens were irradiated at a linear power of 300-600 W/cm to a burnu.p value of 0.8-6.3 atomic
percent. The maximum gas generation value was approximately 20%.

After irradiation at the conditions indicated, all the fuel elements remained hermetically sealed. The
increase in jacket diameter in the fuel elements with the largest burnup values amounted to about 1%. The
average rate of swelling of the carbide fuel depends very much on its temperature, amounting to 3-4% per
1 atomic percent burnup at 1400-1500°C, and the swelling is accompanied by the formation of large gas
bubbles and cavities (Fig. 5). A disappearance of the dicarbide component and an increase in the number
of large pores in the central part of the core have been observed.

There are few pores in the core in its initial condition, and they are distributed uniformly over the
interiors and boundaries of the grains. 'After irradiation the pores are concentrated more along the grain
boundaries. There are more large pores at the "hotter" boundaries, a fact apparently due to their migra-
tion under the influence of the temperature gradlent

Knowing the rate of swelling, we can estimate the amount of porosity required to ensure normal oper-
ation of the fuel element. By placing a sodium interlayer in the fuel element between the fuel and the jacket,
we can reduce the fuel temperature, which will probably make it possible to obtain burnup values of approxi-
mately 10 atomic percent at high thermal loads. It is a more difficult problem to attain such burnuﬁ values
in the fuel elements when there is a gaseous interlayer between the fuel and the jacket. Experimental data
indicate that these fuel elements are capable of operating up to burnup values of approximately 6 atomic per-
cent, but the jacket undergoes near-critical deformation. Higher burnup values can be achieved by decreas-
ing the effective density of the fuel and also by varying the distribution of the initial porosity.

These and other gquestions have been included in the program of further research to be conducted on
the BOR-60 reactor, and the utilization of promising types of high-temperature uranium - plutonium fuels
will depend on the answers obtained.

The following conclusions may be drawn from the foregoing discussion:

1. Investigations on carbide fuels under the operating conditions of industrial reactors have demon-
strated a real possibility of using such fuel at parameter values higher than those in the BR-5 reactor. No
destruction of the fuel elements was observed at burnup values of up to 6.3 atomic percent and a jacket tem-
perature of 640°C.

2. In a study of the compatibility of uranium and plutonium carbides with fuel element jackets it was
found that the interaction under prereactor conditions is of the same nature as under reactor conditions.
However, the temperature at which the interaction between uranium carbide and the jacket begins is 200-
250°C lower under irradiation conditions. The interaction is manifested in the carbidization of the jacket to
a depth of 100-400 4, but this does not lead to any destruction of the fuel elements. The compatibility may
be improved by applying protective coatings to the core.
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3. 'The maximum rate of swelling is 3.5% per 1 atomic percent burnup when the temperature at the
center of the core is higher than 1500°C, and the gas generation at a burnup value of 6.3 atomic percent is
20%.
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SOME QUESTIONS CONCERNING THE MANUFACTURE OF
FUEL ELEMENTS FOR FAST REACTORS

I. S. Golovnin, Yu. K. Bibilashvili, _ UDC 621.039.54
T. S. Men'shikova, A. V. Medvedev,
and G. V. Kalashnik

The problem of making fast reactors economical is closely related to the problem of manufacturing
fuel elements capable of operating under high stress and at high fuel burnup values. What makes the pro-
blem so difficult is that such a fuel element must combine high energy generation (up to 100,000 MW - days
/ton) with a considerable accumulation of secondary nuclear fuel. The fuel element must be constructed of
materials which, onthe one hand, have good resistance to corrosion and good mechanical properties and,
on the other hand,; have acceptable nuclear properties. :

The first Soviet fast reactors used oxide fuels (UOQ,, UO, —PuQ,) in a stainless steel jacket. This
choice was made because oxide fuel has good operating characteristics and is compatible with stainless
steels and sodium and because the technology of core manufacture is relatively simple, so that it is possible
to design reliable and inexpensive fuel elements. '

In the Soviet Union fuel elements with oxide cores have been designed for the BOR -60 and BN-350 re-
actors, and the manufacture of fuel elements for the BN-600 reactor is now nearing completion. These de-
signs were preceded by careful investigations which made it possible to find the solutions that were optimal
for the current state of the art. The present article explains the design approach to the manufacture of fuel
elements for fast reactors, using the BOR-60 and BN-350 reactors as examples. We discuss in detail the
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| Fig. 1. Change in maximum core temperature in the fuel elements of the BOR-60
reactor during a reactor run (overheating factors were taken into account in the cal-

| culations): 1) yeff = 73% of TD; 2) yeff = 80% of TD; 3) yeff = 85% of TD, Wi = 630

‘ W/cm (TD means the theoretical density).

Fig. 2. Distribution of radial stresses at two cross sections in the fuel elements of
the BOR-60 reactor: 1) cross section 0, W] = 344 W/cm; 2) cross section 100, W]
=482 W/em. '

Translated from Atomnaya Iﬁnergiya; Vol. 30, No. 2, pp. 216-221, February, 1971. Original arti-
cle submitted

© 1971 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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questions of choosing the effective fuel density in the fuel elements, the influence of thermal stress, pellet
porosity, and jacket thickness on the deformation of the jacket due to the mechanical action of the swelling
core, as well as the possible design solutions which can reduce this deformation. We consider a number
of general questions related to the manufacture of fuel elements with a fuel carbide base for fast reactors.
The use of UC and UC —PuC is discussed as one possible way of improving the economic indicators of fast
reactors.

The Choice of Effective Fuel Density. The most important parameter of fuel elements with fuel oxides
is the value of the effective density. This determines: :

the amount of fertile material placed in the active zone of the fuel element, for a spe01f1ed plutonium
content in the fuel or for a specified degree of ennchment

the free volume* in the fuel element that is required to compensate for the swelling of the core when -
fission fragments accumulate in it; »

the level of operating temperatures in the core when the fuel element is in use.

 The physical and economic characteristics of a fast reactor improve as the effective fuel density in the
fuel element is increased, since an increase in the raw material contained in the active zone leads to an in-
crease in the internal reproduction factor. However, in order to give the fuel element reliable operating
characteristics, the effective density must be kept limited. These operating characteristics include the
following:

the free volume in the fuel element must be sufficient to compensate for the volumetric changes in thev
core when fission fragments accumulate in it to a level of 100 kg/ton of fuel charge;

the operating temperature of the fuel, taking into account the changes in the shape of the core, must
not exceed the level at which appreciable axial transfer of the fuel mass can take place;

the mechanical stresses exerted on the jacket by the swelling core must not exceed the allowable limit.

The porosity value required to compensate for the volumetric changes in the core when it swells have
been estimated on the basis of experimental data obtained from the irradiation of experimental fuel elements
in the SM-2 and BR-5 reactors. It has been shown that the average rate of swelling of UO, and U0, —PuO,
is approximately 1.0% for each 1 atomic percent of burnup. It follows from this that in order to obtain an
energy generation value of 100,000 MW : days/ton the free volume in the fuel elements must amount to at
least 12%, In choosing this volume percentage we must also take into account the tolerances in the geo-
metric dimensions and the density of the sintered pellets, as well as the geometric dimensions of the tubes
used for the fuel element jacket.

Some of the parameters of the fuel elements in the BOR-60 reactor are given below:

QOuter diameter:

core 5.2-0.2 mm

fuel element jacket : 6.0 + 0.04 mm
Diameter of axial hole in core 1.7 £ 0.12 mm
Thickness of jacket wall : 0.3 + 0.03 mm
Density of sintered pellets. 91-96% of theoretical value
Calculated value of free volume in the active zone of

the fuel element 26 + 9%

It can be seen from these data that the tolerances in the tubes and the sintered pellets result in a 9%
variation in the value of the free volume in the fuel element active zone, If the effective fuel density in the
fuel element has the usual value, which is 80% of the theoretical value, the free volume at individual cross
sections at different heights along the fuel element may amount to 11%, which is insufficient to compensate
for the volumetric changes in the core when the fragments accumulate to 100 kg/ton.

A second important requirement is to make the temperature regime in the fuel elements such that
there is no axial fuel mass transfer; this requirement must be carefully considered in choosing the value
of effective fuel density in the fuel element.

* The expression "free volume" means the entire free space in a cross section of the fuel element, includ-
ing the gaps between the jacket and the core, the porosity of the core, and its axial hole.
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Fig. 3. Deformation of the jack‘et as a function of distance dlong the fuel element in
the BN-350 reactor. '

- Fig. 4. Deformation of fuel element jacket in the BN-350 reactor during a run (when
the reactor is operated at nominal power) for a cross section 250 mm from the lower
end of the active zone of a fuel element with a density of: 1) 8.25 g/ cm?; 2) 9.3 g/ cm?,

During the initial irradiation period, because of the radial mass transfer of fuel, an axial cavity is
formed in the core (or an existing axial cavity becomes larger), and the diameter of this cavity can be de-
| termined from the following system of equations:

- VYP_YEE‘ Yo—YP 2.
pp= )/ T LE Yot
Tre

S ATyl = T [1—p§—2p51n%] .

mA—od
TR

where p, = ro/ R is the relative thickness of the fuel slug; r; is the radius of the resulting axial cavity; R is
the inner radius of the jacket; yp is the density of the sintered pellets; yeff is the effective fuel density in
the fuel element; y¢ is the density of the fuel in the layers in which the core temperature is greater than
1700°C (on the basis of experimental data this is taken to be 98% of the theoretical density); Pe = rc/R;
r¢ is the radius corresponding to a temperature of 1700°C; Wj is the specific linear power.

This system of equations is valid for a regime of fuel element operation in which there is no axial
transfer of fuel mass. '

During a reactor run there is a gradual change in the shape of the core as a result of fuel swelling.
Depending on the ratio of jacket strength to core plasticity, as the fission fragments accumulate in the fuel,
either the axial cavity will become smaller or the jacket will be deformed. If the thermal loads taken from
the fuel element remain constant during the reactor run, a reduction of the axial cavity in the core will lead
to an increase in the fuel temperature. These conditions of fuel element operation are found in fast reactors
whose internal reproduction factor is close to unity or in reactors whose active zone contains highly enriched
nuclear fuel.

The value of the effective density in these fuel elements must be so chosen that the core operating
temperatures will not exceed the melting point of the fuel at any time during the operating period of the fuel
element. It must be borne in mind that when a large amount of fission fragments accumulate in the fuel (up
to 70-100 kg/ton), the melting point of the fuel is appreciably reduced (by 100-150°C).

Figure 1 shows the calculated results indicating the change in the maximum temperature of a fuel
element core in the BOR-60 reactor during a reactor run for different values of effective fuel density.
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Fig.. 5. Deformation of the jacket of a fuel element in the BOR-60 reactor during a run for the
following values of sintered-pellet density (cross section 0): 1) 10.6 g/cm?; 2) 10.3 g/ cm?,

Fig. 6. Deformation of fuel element jacket in the BOR-60 reactor during a run for the follow-
ing sintered-pellet densities (cross section 75): 1) 10.3 g/ cm?; 2) 10.6 g/ cm?.

During the initial irradiation period the temperature decreases, since the axial cavity of the core is enlarged.
as a result of radial fuel mass transfer. The subsequent gradual rise in temperature is caused by the re-
duction of this cavity as a result of volumetric changes in the core due to the confining effect of the jacket.

For an effective fuel density equal to 85% of the theoretical value, the core temperature reaches the
melting point at energy generation values of approximately 70,000~80,000 MW - days/ton. Further operation
of fuel elements with this effective density may lead to a transfer of the fuel to the lower part of the ele-
ment. For this reason the upper limit for the effective fuel density in the fuel elements of the BOR-60 re-
actor was chosen to be 82.5% of the theoretical density of UO,, and the average value does not go above 73.5%
of the theoretical value.

In selecting the effective fuel density value, we must also estimate the stresses created in the fuel
element jacket by the mechanical action of the swelling core. These stresses and the amount of deformation
accumulated in the jacket by the end of the run depends to a large extent on the core temperature. Figure .
2 shows the results of calculations for radial stresses arising in the core of a fuel element of the BOR-60
reactor by the end of the run, It can be seen from the figure that when the core swells, the stress on the
jacket is exerted essentially by the outer layer of fuel. As the thermal stress increases, the fuel tempera-
ture will rise, the layer will become plastic, and the stresses in it will be reduced. The calculations were
performed using the mechanical characteristics of 0Kh16N15MZB steel and uranium dioxide, which are
given in [1-3]. The increase in the effective fuel density of the fuel element leads to an increase in the core
temperature, and therefore in order to reduce the deformation of the jacket it is desirable to use the maxi-
mum effective fuel density in the fuel element, '

Figure 3 shows the results of calculations for the deformation accumulated in a fuel element jacket
in the BN-350 reactor by the end of the run. The maximum deformation is found in the lower part of the
fuel element, where the plasticity of the fuel is low. The increase in effective fuel density in this part of
the fuel element from 75% to 86% of the theoretical value reduces the deformation of the jacket from 2.3%
to 1.8%, which increases the utility of the fuel element (Fig. 4). In the lower part of the fuel elements the ‘
burnup value does not go above 5-7 atomic percent, and the necessary free volume can be reduced to 8-10%,
which makes it possible to increase the effective fuel density.

Influence of the Initial Porosity of the Sintered Core Pellets on the Utility of a Fuel Element with
Oxide Fuel. Choice of Optimum Density of the Sintered Pellets. In the evaluation of the stresses* created’
in the jacket of a fuel element by the action of the swelling core, the influence of the porosity of the sintered
pellets was also considered. The calculations used the data of [5]. It was shown above that when the core
swells, the stress on the jacket is exerted essentially by the outer layer of fuel (see Fig. 2). The deforma-
tion of the jacket is determined by the rate of swelling of this layer of fuel and by its plasticity. Experimen-
tal investigations of the fuel elements tested have shown that the structure and porosity of the outer layer

* The procedure for calculating the stresses and the deformation which occur in the jacket as a result of the
mechanical action of the swelling core are explained in [4].
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1200 are not very different from the initial structure and porosity
\ ) ) of the sintered pellets. Figure 5 shows the results of calcu-
\ . lations of the deformation of the jacket of a fuel element in
the BOR-60 reactor for different values of density of the
sintered pellets. As the density of the UO, pellets increases
' : from 10.3 to 10.6 g/ cm?®, the deformation of the jacket in the
lower part of the fuel element (cross section 0) increases
from 1.5% to 2.5%. At cross section 75 (75 mm from the
) lower end of the active part of the fuel element) the deforma-
, — tions in the fuel element ]a.ckets change little with changes in
) UJrr{m\ \ pellet density (Fig. 6), since the fuel is sufﬁclently plastic
04 \\ \ : _ at this cross section and relatively little stress is exerted
>\ ~,
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. 400 ”'5\\\ ' upon the jacket by the core layers nearest thqwall

}‘ 4 \: \k : These considerations concerning the influence of poro-
3 SN \\\:\ sity in the fuel layers near the wall upon the operating capacity
\\\\\\\"R: of the fuel elements make it necessary to restrict the upper
%-_:___ limit of the density of the sintered pellets. The upper limit
" chosen for the fuel densn;y in the fuel elements manufactured
% I3 8 10 12 for the first fast reactors was 95-96% of the theoretlcal value.
Diameter of fuel core, mm The lower limit of the density must be selected on the basis
. of the condition that thi¢ fuel element must have the required
fuel charge and on the basis of the technologlca.l possibilities
of pellet manufacture. The minimum pellet density was chosen
to be 90-91% of the theoretical value.

200

Fig. 7. Variation of the specific power
obtainable from a unit weight of carbide
fuel, as a function of the fuel core diam-
eter (vyeff = 80% TD; Yp = 90% of TD):

1) sodium-filled gap; 2) helium-filled Comparison of Oxide Fuel Elements with Carbide Fuel
gap; 3) loads at which the stresses in Elements. In spite of the above-mentioned advantageous pro-
the jacket are equal to the elastic limit perties of oxide fuels, carbide fuels offer serious competition
of steel (for different values of wall thick- because they have the important advantages of better thermal
ness 0). conductivity, higher density, and fairly high melting point,

When the advantages of carbide fuels are fully utilized, it is

possible to improve considerably the reproduction factor and
doubling time of fuel elements in fast reactors. The high thermal conductivity of the carbide fuel makes it
possible to obtain higher values of specific power per unit length of core, For the same reactor power
value, a smaller number of pellets is needed when carbide fuel is used, and this, to a certain extent,
serves to offset the high cost of manufacturing a carbide core. :

The advantages of carbide fuel are partly nullified by the fact that its radiation stability is low at tem-
peratures above 1500°C. According to experimental data, the core temperature in fuel elements using car-
bide fuel must not exceed 1500°C. Above this temperature the rate of swelling of the carbide increases
sharply, reaching values of approximately 3-4% volume increase for 1 atomic percent of burnup. At such
a rate of swelling, fuel elements must contain 30-40% free volume in order to reach energy generation values
of 80,000-100,000 MW -days/ton, and this nullifies the advantages of the carbide fuel.

However, even with such a restriction on the operating temperatures in the core, carbide fuel makes
it possible to extract a substantially higher level of power from a unit length of fuel element than in the case
of oxide fuel. In these cases it is more advantageous to use a sodium interlayer between the core and the
jacket in carbide fuel elements. Calculations show that for the same reactor power value, the use of car-
bide fuel elements with a sodium-filled gap requires the manufacture of approximately one-third as many
cores as in the case of oxide-fuel cores and approximately two-thirds as many in the case of carbide fuel
elements with a helium-filled gap. However, as can be seen from Fig. 7, the above-mentioned advantages
of carbide fuel can be attained only if the diameter of the fuel elements is sufficiently large, i.e., to the de-
triment of the specific power obtainable from a unit weight of fuel, which is another important factor that
significantly influences the economic indicators of the entire fuel cycle. A reasonable compromise must
therefore be established, Fuel elements with a helium-filled gap afford less of an opportunity to utilize the
advantage of good thermal conductivity in carbide fuel. However, fuel elements of this kind are simpler to
manufacture,
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During the first stage of fast reactor.development, when the decisive factor is the specific load drawn ’
from a unit weight of fuel, fuel elements with a helium-filled gap will apparently be more widely used. For
fuel elements with sodium interlayers it is desirable to use jackets with wall thicknesses of 0.25-0.3 mm.

It is possible to relieve the jacket of the mechanical stress exerted by the swelling core if the necessary gap
is left between the jacket and the fuel. The pressure of fission-fragment gases inside the fuel element can
be reduced to an acceptable value either by building the necessary free volume into the fuel element or by
using a fuel element design which enables the gaseous fission products to escape into the coolant loop.

The above considerations concerning the possibilities of using carbide fuel were borne in mind by the
authors in the ‘design of fuel elements with carbide cores for experimental bundies to be used in the BOR-60
reactor. These bundles, which are now. being installed in the reactor for testing, contain chiefly fuel ele-
ments with helium mterlayers The cores are 5.8 mm in diameter, i.e., the dimension chosen was the one
making it p0351b1e to extract the maximum specific power from a unit weight of fuel (see Fig. 7). Fuel ele-
ments with sodium interlayers and with ]ackets 0.25-0.3 mm thick are being de31gned for a second series of
expenmental bundles for the BOR-60 reactor.
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POST-PILE STUDIES OF FUEL ELEMENTS IN SERVICE FOR
626 EFFECTIVE DAYS IN THE CORE OF THE VVE/JR-l REACTOR
OF THE NOVO-VORONEZH NUCLEAR POWER STATION

V. §. Belokopytov, S. N. Votihov, UDC 621.039.548
Z. 1. Pakhomov, M. D. Deribizov, :
V. Ya. Gabeskiriya, and V. F. Portnov

Low operating costs of nuclear power stations are determined to a significant extent by the reliability
of fuel elements in service at high burnup levels. ' Some of the crucial factors governing the viability of fuel
elements in the core are the corrosion resistance of the cladding material, oxygenation and hydrogenation
of the zirconium alloy, and the distribution pattern of the hydride phase throughout the cladding.

This article reports resuits of an investigation of the official reactor fuel elements after service for
626 effective days in the VVE’)R-I reactor under the most severe irradiation conditions, with a peak burnup
of 24,000 MW - days/ton U attained. .

Design of Fuel Element and Operating Conditions. The fuel element in service in the water-cooled
water -moderated reactor of the first power unit at the Novo-Voronezh nuclear péwer station [1] is a
cylindrical zirconium (Zr + 1% Nb) tube 10.2 mm in diameter, 0.65 mm wall thickness, filled with 2% en-
riched sintered uranium dioxide pellets. The diametral cleardnce between the pellets and the tube wall is
0.1 mm. The bulk density of the sintered uranium dioxide is ~10.1 g/cm3, The fuel element is hermeti-
| cally sealed by means of stepped blind flanges made of zirconium alloy welded in place by electron-beam
welding or argon-arc welding. The top of the fuel element features a frée space for compensating terpera-
ture expansions of the column of pellets, and for compensating pressure builtupby gaseous fission fragments.

Fig. 1 .
Fig. 1. Arrangement of fuel elements investigated in core of VVER -1 reactor: the fuel
assemblies marked by the star were investigated; A3, AP, and KK are compensating as-
semblies. '

' Fig. 2. Microstructure of cladding in original state (x 200).

Translated from Atomnaya Energiya, Vol. 30, No. 2, pp. 222-226, February, 1971.

© 1971 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street,” New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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_ ‘Fig. 3 . Fig. 4
Fig. 3. Microstructure of cladding, coupon cut from top of fuel element (X 200).

Fig. 4. Microstructure of cladding, coupon cut from middle of fuel element (x 200).

Each working fuel assembly contains 90 fuel elements.

Below, we cite results of an investigation of fuel elements from two assemblies in service under the
most severe burnup conditions in the VVER-1 reactor core, from August, 1964 all the way through June, 1967.
The arrangement of the fuel assemblies investigated, in the reactor core, is shown in Fig, 1, The fuel
elements were cooled by water pressurized at ~100 atm. The water temperature at the entry to the core
was 240-250°C, and 275-280°C at the reactor exit. The chemical composition of the water was [2, 3]: hard-
ness =0.003 mg—eq/hter- oxygen content < 0,015 mg/hter' chlorides = 0.05 mg/liter; pH 9-10; corrosion:
products 1,5 mg/ liter,

In the initial service period of the nuclear power station, the high pH of 9 to 10 was maintained by in-
troducing hydrazine hydrate and ammonia into the makeup water. But it was found that large amounts of
hydrogen accumulated as a result of breakdown of the ammonia and hydrazine acted upon by radiation in the
core, and this buildup of hydrogen engendered a danger of formation of an explosive mixture in gas holders
and in other vessels. Subsequently, the pH of the primary-loop water was allowed to drop to 6-7. The
average heat loading on the surface of the fuel elements was 3-10° to 4 .10° kcal/ m?-h,

External Inspectlon of Fuel Elements. Inspection of the surface of the cla.ddmg on the fuel elements
was carried out in a "hot" cave, using the UMSD-1 remote-control microscope. Dark gray patches of oxide
film showed up on the surface of the cladding, with no flaws of any kind (blowholes, blisters, cracks, etc.) {
in evidence, and separate traces of deposits of brown coloration were also observed, and attributed to pre-
sumed precipitation of corrosion products from the reactor loop (iron oxides, chromium oxides, etc.). Alll
of the welded joints made by electron-beam welding remained in an excellent state. The outer diameters

ous Gp.2s kg/mm,z a‘jtot'% .
60 —G\' 201
w0l ‘ \\)i————l .
S
! .
20 \\_1 — |1 "]
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. 3 °
Testing temperature, °c Testing temperature, °C

Fig. 5 . , Fig. 6
Fig. 5. Dependence of strength properties on testing temperature: 1) control cou-
pons; 2) irradiated coupons; QO) oy; AA) G¢ 5.

Fig. 6. Dependence of ductility on testing temperature: @) §;4¢, control coupons;
O) 844, irradiated coupons.
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Fig. 7. Macrostructure and microstructure of the fuel (portion of fuel element subjected
to h1ghest irradiation intensity).

of the fuel elements were measured. Measurements were taken every 200 mm, in two mutually pei‘pendi—
cular directions, and with precision to within £0.01 mm. These measurements. revealed that the dimen-
sions of the element remained within the original tolerance range diametrally. :

Structural Investigations and Mechanical Tests. Fuel elements from each fuel assembly in outer and
inner rows of the assembly, with both minimum and maximum fuel burnup, were subjected to metallographlc'
investigation. Coupons were cut from segments spaced 400, 1000, 1300, 1700, and’ 2400 mm from the bot-
tom end of the fuel elements, in order to study the microstructure of the cladding material (alloy Zr + 1%
Nb) and of the nuclear fuel (UO,). The height of the coupons was made 7 mm for the metallographic inves-
tigations, and 3 mm for the mechanical tests under tensile load. The microstructure of the cladding is -
shown in its or1g1na.1 state in Fig. 2. :

| Metallographic investigations of the fuel-element cladding revealed the presence of a moderate amount

‘ of hydride phase in the structure. Figures 3 and 4 show typical photographs of the microstructures of cou-

| pons cut from the cladding of fuel elements at the top and in the middle, corresponding to minimum burnup

| and maximum burnup of the fuel respectively. It was found that an oxide film from 0.01 mm to 0.03 mm
thick formed on the surface of all of the fuel-element jackets. The thickness of this oxide film increased
toward the center of the fuel element. The quantity of hydride inclusions increases in the zone of maximum
power release (~1000 mm from the bottom of the fuel element). The hydndes present in the claddmg dis-
play an annular orientation with 1ncreasmg concentration toward the outer surface.

The moderate amount of hydride phase present in the cladding, and the insignificant thickness of the
surface oxide films, provide evidence of the conventional process of oxidation and hydrogenation of the zir-
conium jackets from the exterior, in the coolant medium, at work. The microhardness of the jackets on
these irradiated fuel elements increased 60-70% over the microhardness of the fuel-element cladding jackets
in the original state. A series of tests was run on unirradiated (controls) and irradiated annular coupons
cut from different portions of the fuel elements, in order to obtain a quantitative estimate of the mechanical
properties of the fuel-element cladding. ' '

Bottom ) ‘ : S ~ Top

4 . 3 2 - o
L -' _ — u

400 400 _ 400 800

~ Fig. 8. Diagram 'Llhistrating where coupons were cut from fuel element.

269

Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10—02196R000300080002-2




Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2

TABLE 1. Content of Uranium and Plutonium Isotopes in the Specimens

Analyzed

Number of Gontent of Pu isotopes, %

HOET O 1123 content, % . i

specimen Puzse Pu2éo Ppuzal Pu24a2
1 1,4:+0,06 82,6+0,8 13,4-£0,7 3,5::0,1 0,54+0,05
2 0,78+0,02 62,20,4 24,050,16 10,14+0,25 3,640,
3 0,6310,01 60,0:0,4 25,0+0,2 10,9+0,3 4,350,2
4 0,76:0,03 63,61:0,6 22,6:+0,4 11,2:+0,6 2,54:0,04
5 0,660,014 60,9+0,5 24,240,3 10,8+0,2 4,0230,12

Tests were conducted at temperatures 280°C, 350°C, and 500°C in vacuum (10~ mm Hg), and at room
temperature, in air on a remote-controlled festing machine (MM-150D) with automatic recording of the ten-
sile loading chart. The temperature at which the tests were conducted was maintained to within +3°C auto-
matically.

It is clear from the data obtained from tensile loading tests on the annular coupons (Figs. 5 and 6)
that the ultimate strength ¢y and the yield point o, , rose appreciably above the values measured in the case of
jackets on unirradiated fuel elements, As a result of the irradiation, the ductility of the coupons cut from
different portions of the cladding of the irradiated elements decreased by 50-60%, and amounted to 6-7% at
testing temperatures from 280°C to 350°C, in the case of annular coupons.

Results of the mechanical tests, along with the data from investigations of irradiated fuel elements,
attest to the excellent stability of jackets made from zirconium alloy Zr + 1% Nb

Investigation of the Fuel. As a resﬁlt of investigation of the microstructure of U0, taken frbm differ-
ent portions along the height of fuel elements from fuel assemblies Nos, 1 and 2, including portions from
the regions of maximum heat release, it was established that no substantial changes had taken place (see
Fig. 7).

Since there are no distinct temperature zones (meltdown or fusion zone and columnar-grain zone) in
the structure of the fuel meat, and since no growth of equiaxial grains is observed, the temperature at the
center of the pellets could not exceed 1600°C.

Radiochemical investigations of UO, specimens taken from fuel elements of the fuel assemblies inves-
tigated were carried out in order to make an experimental determination of the 1so’oope composition and
burnup of irradiated fuel in the VVER -1 reactor.

Radiochemical Investigation of the Fuel, For the radiochemical investigation of the fuel, five coupons
from different portions along the height of the fuel element (Fig. 8), mostly from the maximum burnup zone,
were taken in order to provide information on changes in the isotope composition of the fuel at the highest
burnup levels.

Method of Investigation. Determination of the isotope composition of the uranium and plutonium was
carried out on MI-1311 and MI-1305 mass spectrometers [4]. The content of plutonium isotopes per gram
of uranium was determined by two methods, by a coulo-
metric technique and by the isotope dilution technique [5].

TABLE 2. Content of Uranium and Pluto-
nium (kg/ton U) in Specimens with Differ-

. The value of the plutonium content in the solution
ent Percentage Burnup

analyzed was found as the average of two measurements

Number »f specimen obtained coulometrically and by the isotope dilution meth-
Isotope ) s | 3 . s od, since the errors in these two methods are roughly
the same.
U2ss 13,8 | 75| 6,4 | 7.4 | 6,5 - :
U238 974’4 964'7 10598 |967.8 |963.8 Expe}"lmfental Results, The expex"Lmenta.l result.s of
Pu239 3,41 42 5,0 3,6 | 4,2 the determination of the amount of uranium and plutonium
40 . s . .
st (0):% é’g 335131 (1)134 (1):;]5 present in specimen Nos. 1-5 are listed in Table 1.
Pu242 0,02| 0,24| 0,36 0,14| 0,28 )
Products of pluto- | 1.8 | 8,7 (11,9 | 6,5 | 9,3 It is clear from Table 1 that the content of heavy
& P.
pﬁ‘oﬁ’ﬁt;ff‘ﬁ?amum 5,2 | 10,4 | 11,7 | 10,6 | 11,3 ~ plutonium isotopes in specimen 3 is 40%. The error in
fission i i niu ntent in eci
Total burnup 7.0 | 194 | 23,6 | 17,1 | 20,6 ’Fhe df(‘;;rmlnatlon of plutonium content in the specimens
' Is ~ 0. -
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Relationship between the Content of Isotopes of U and Pu and the Percentage Burnup, The quantity
of fission products formed through fission of the isotopes U?®, Pu®®®, and Pu®*! (see Table 2) was determined
by calculations {6], and on the basis of the experimental results detailed in Table 1.

It is clear from Table 2 that the cortribution made by the plutonium to total burnup is quite substantial,
attaining a level of ~50% in the coupon with the highest burnup. The total burnup in this specimen amounts .
to 23.6 kg/ton U, which is in satisfactory agreement with results reported earlier [7].

Investigations carried out on fuel elements from two fuel assemblies that saw service under the con-
ditions of highest heat release rate in the core of the VVER-1 reactor, over a period of 626 effective days,
until a burnup of 24,000 MW -days/ton U had been achieved, provide evidence of the high performance capa-
bilities and the reliability of rod type fuel elements with cores of sintered uranium dioxide clad with zir-
conium alloy plus 1% niobium.
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DESIGN AND BASIC CHARACTERISTICS OF THE FUEL ELEMENT
FOR THE VVER-1000 REACTOR

A, S. Zaimovskii, V. V. Kalashnikov, UDC 621.039.546
V. N. Kostrov, L. I.. Malanchenko, '
A. V. Nikulina, and V. S§. Yamnikov

The VVER-1000 reactor is a further development of the pressure vessel type water-cooled water-
moderated reactors develop/ed in the USSR. , Table 1 gives the basic characteristics of the cores for the re-
actor types VVER-210, VVER 440, and VVER-1000 [1]. The comparison data are for the planned American
reactor "Maine Yankee" to be put into operation in 1972 [2]. :

Design of Fuel Element and Basic Parameters

The design of the fuel element is shown in Figs. 1 and 2. The cladding material and the material for

the end parts is zirconium alloy. The fuel consists of pellets of sintered uranium dioxide (bulk density not
less than 10.2 g/cm3, enrichment 2-4%) with holes on’
the end faces. The column of fuel weighs 1,53 to- ‘

' TABLE 1. Basic Characteristics of Cores of 1.62 kg. The diametral clearance between the fuel ‘
the Reactors VVER-1000, VVER-210, VVER- and cladding ranges from 0.14 to 0.27 mm. As the dia-
440, and the "Maine Yankee" Reactor . grams clearly show, the fuel meat is held between two

split inserts capable of confining three times or four ,

% ,3 §; 0% times the weight of the column, with a guaranteed al- '
Parameter & & | & = g lowance of 0.05 to 0.08 mm between the insert and the..
' _ 2 > > Zs inner surface of the cladding jacket. The inserts are .
Power outpat, MW: made of zirconium alloy and their function is to space
electrical 1000 | 210 | 440 830 the fuel during manufacturing processes and when the -
thermal 3200 | 760 | 1370 | 2440 fuel is being shipped. The introduction of the bottom |
. insert into the fuel-element design makes it possible
Pressure in primary loop, 160 | 1001 425 158 to establish two degrees of freedom for thermal ex-
kg/cm* pansion of the fuel as the reactor is being brought up
;e'mperame of water at a0 | 252 270 288 to power, and at the same time makes it possible to

free the cladding from the tensile loads brought about
by friction and by local wedging of the fuel,” The de-
sign provides for two gas collectors (one on top, one

reactor inlet, °C

Average temperature of 340 272 300 M7

, below). The total free volume under the jacket is suf-
water at reactor exit, -
oc ficient to allow the pressure generated by gaseous

fission products released under the fuel-element jacket
Peak thermal flux, keal | 1,35-106 |1,2-106{1,0-108} 1,1 106+ to remain below the level of coolant pressure through-
/m?-h ' out the reactor campaign. The basic parameters of
the VVER-1000 fuel elements are cited below.
Core-average burnup, | 40000 | 15000 | 27300 | 30000 All the parameters are stated for the maximum
MW.days/tonU ' load on the fuel element (at the maximum diametral
“* Value obtained experimentally according to data in [2], clearance),

Translated from Atomnaya ﬁnergiya, Vol. 30, No. 2, pp. 226-228, February, 1971.
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- Fig, 1. Fuel element of VVER-1000 reactor: 1) bottom cap; 2) split insert; 3) pellet; 4)
cladding jackets; 5) insert; 6) and plug.

Maximum temperature of cooiant — cladding interface 350°C
Maximum temperature of inner surface of cladding (ignoring

effect of corrosion film and corrosion products) 410°C
Maximum temperature of fuel surface 1270°C
Maximum temperature of fuel (at center) 2700°C
Temperature on edge of pellet, averaged over core height 1380°C
Volume-average fuel temperature 1570°C
Maximum increase in length of fuel column by end of reactor

campaign 73 mm
Maximum increase in volume of fuel campaign by end of

reactor campaign 10.3 cm®
Maximum amount of gaseous fission products liberated under

fuel -element jacket 54%
Free volume under jacket, in cold state : 30.5 cm?
Free volume under jacket, during service . 218 cm?
Maximum pressure of mixture of gases under jacket, by end

of reactor campaign 140 kg/ cm?

The values of the thermal conductivity of the cladding- fuel interface and of the UO, used in the cal-
culations yields fuel temperature values a bit too high, but providing the necessary safety margin in the
design of the fuel element, Calculations of the volume of the gas collectors, and the diametral and axial
clearances, are made on the basis of assumed uniform thermal expansion and radiation-induced swelling
of the fuel exposed to irradiation. The following sequence of calculations was adopted by way of estimating
the amount of gaseous fission products liberated under the fuel -element jacket: 100% of the gaseous fission
products formed from the volume of fuel at temperatures above 1650°C is liberated, and 5% of the gaseous
fission products from the volume of fuel at temperatures below 1650°C is liberated.

Fuel Element Fabrication Technology

The fuel-element meat is made by compacting pellets from pressed UO, powder. After drying, the
pressed pellets are sintered, inspected externally, checked for density and chemical composition, and are
then polished and inspected on their outer diameter and for traces of spalling.
Serviceable pellets are loaded into the fuel-element. The assembled column of
fuel is then loaded into the cladding jacket with the bottom cap already welded in
place. In order to provide hermetic sealing of the fuel element, an insert with
an opening through which the fuel element is filled with a mixture of inert gases
= (argon and helium) is welded to top end of the fuel element jacket. This opening
is then welded shut, the fuel element is inspected for leaktightness at room tem-
perature, and the end plug is welded to the insert. The end hole in the insert is
sealed by argon-arc welding, and all the remaining weld seams are made by
. electron-beam welding. The welded joints are all annealed in order to improve
{ RIT-25 their resistance to corrosive attack, after which the fuel elements go to an etch-
ing step and autoclaving step.

97,56

3

0.2-0,
fe——

s

Fig. 2. Sintered ,
uranium dioxide The design of the fuel element for the VVER-1000 reactor, as discussed
pellet. here, stands as the basis for further development and testing.
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INVESTIGATION OF FUEL ELEMENTS IN A FUEL ASSEMBLY IN
SERVICE FOR 17,000 HOURS IN THE CORE OF THE VK-50 REACTOR

V. S. Belokopytov, S. N. Votinov, UDC 621.039.548
V. M. Sarychev, M. A. Dem'yanovich,

B. P. Petin, A. B. Andreeva, .

M. D. Deribizov, and V. A. Shchepetil'nikov ‘

An experimental boiling-water reactor, VK-50 type, has been in operation at the V. I. Lenin Scienti-
fic~Research Institute for Atomic Reactors [NIIAR], testing fuel elements clad with Zr + 1% Nb alloy. Re-
ports on the VVER-68 reactor presented at the COMECON conference detailed results of investigations of
fuel elements in a fuel assembly that had been in irradiation service in the reactor core for 5000 h [1].
The present report contains data on investigations of a fuel assembly that was in service in the VK-50 boil -
ing-water reactor for a far more protracted period (17,000 h).

QOperating Conditions of the Fuel Assembly

As reported in earlier articles [1, 2], the fuel assembly used in the VK-50 reactor comprises a bundle
of 126 fuel pins with cores of sintered 2%-enriched uranium dioxide. The cladding of these fuel elements in
Zr + 1% Nb alloy, and the jacket on the fuel assembly is made of Zr + 2.5% Nb alloy. The fuel assembly in
question was loaded into the reactor core in October, 1965, and withdrawn in October,1968. During the en-
tire time, the operating conditions and irradiation conditions of the fuel assembly, and its position in the
core, remained unaltered. Figure 1 shows the position of the fuel assembly in the reactor core.

The service time of the fuel assembly, with the reactor at different power output levels, was 17,375 h.
The average integrated neutron flux was 3.8 -10?% neutrons/cm? (E > 0.1 MeV).

The riiaximum fuel burnup was 13.4 - 10> MW - days /ton
U. The peak thermal flux was 0.85 - 10° kcal/m?-h. The
chemical composition of the boiler water (for the water con-
ditions stabilized in steady state during the more recent years
of service) is listed below [3]:

pH 6-8
Fe ' 0.04-0.07 mg/kg
Cu up to 0.01 mg/kg
Zn up to 0.015 mg/kg
0, up to 0.1 mg/kg
Hardness salts 10-12 mg-eq/ kg

Results of the Investigation

Inspection of the fuel assembly and of the fuel ‘elements,
carried out in the primary investigations of the fuel assembly

Fig. 1. Position of fuel assembly in- in the hot cave of the VK-50 reactor installation, and in sub-
vestigated in core of VK-50 reactor sequent investigations in the materials science branch, re-
(marked by star). vealed traces of somewhat advanced oxidation on the jacket

Translated from Atomnaya E,]nergiya, Vol. 30, No. 2, pp. 228-231, February, 1971.
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Fig. 2 Microstructure of the fuel—element claddmg a) top of fuel element b)
reglon of maximum heat relea.se

F1g 3. Structure of fuel: a) large section through fuel meat; b} microstructure
of fuel meat. :

of the fuel assembly: the surface became gray, with small deposits of corrosion products from the loop.
No flaws were detected on the fuel elemtns, with the exception of one element. The surface of all the fuel
elements was covered by a brown incrustation of corrosion products. The thickness of these deposits varie
with the height of the fuel elements, and was greatest (~0.15 mm) at those portlons of the fuel elements
which were in the hlghest irradiation and heat release regions.

A P e

Coupons were cut from the regions of maximum and minimum power release in order to facilitate
mechanical and metallographic investigations of the jackets and cladding. , ‘ i

Photographs of the microstructure of the cladding of fuel elements in the outer row, in coupons taken
from the regions of maximum and minimum (50 to 60 mm from the top of the fuel element) power release,

are shown in Fig. 2.

Sy [ g,

Hydride inclusions displaying a favorable annular orientation are detected in the structure of the clad
ding, and appear much bigger in the region of maximum power release. The position of the hydrides in the
cladding of fuel elements from the inner rows reveals the same pattern, but their content is slightly lower.{
The microhardness of the cladding material in the region of maximum power release is the same ~287 kg
/mm?, for both outer and inner fuel elements.

Welded seams of pressuretight parts of the fuel elements are in satisfactory condition, and show no.

B gt s

flaws.

No drastic changes were detected in the structure of the fuél meat. The usual cracking of uranium
dioxide pellets shows up in photographs of the microstructure (Fig. 3).

G

The mechanical tests were carried out on annular specimens @ 10.2 x 0.65 x 3 mm on an MM-150
remote-controlled testing machine. The testing temperatures were 20°, 280°, 350°, and 500°C. Control
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Fig. 4. Dependence of strength properties on testing temperature: 1) con-
trol coupons; 2) irradiated coupons; @C) &,;; AA) Oy 5.

Fig. 5. Dependence of ductility on testing temperature: ®) &gy, control
coupons ; Q) Stot. irradiated coupons.

-3 - i 4
A . o ‘ ’

: 33 ‘ .

s o edod . 4 '

Fig. 6. Microstructure of portion of fuel-element cladding in the flawed re-
gion,

specimens, coupons cut from the cladding of an unirradiated fuel element, were tested at the same time.
Results of the tests are plotted graphically in Figs. 4 and 5. The ultimate strength and yield point rose by
80% and 90% respectively, and the ductility at the testing temperatures of 280° and 350°C, corresponding
to the service temperature, fell by 60-70%.

As noted earlier, one flawed fuel element was detected in the primary investigations. Investigation
of the structure of the cladding in the flawed fuel element revealed some characteristic details:

1. Oxide film is inspected both on the outer and inner surfaces (the film thickness is 0.4 mm).
2. The cladding becomes demonstrably thinned and hydrogenated on the inner surface (Fig. 6).
3. The cladding shows "chronic" cracks with oxide film on the surface (Fig, 7).
4

. The large amount of hydrides with preferential radial orientation (see Fig. 6) in the-region of
maximum power release, and the absence of radial orientation in the region of minimum power release.

The mechanical tests carried out on coupons cut from the failed zone showed an abrupt loss of ducti-
lity compared to the ductility of the cladding in unirradiated fuel elements. Some of the coupons experi-
enced brittle fracture during the tests. The ductility of the cladding material at the top end of the fuel ele-

ment did not change so drastically, and was similar to the ductility exhibited by unirradiated unflawed fuel
elements.

Discussion of the Results

It had been reported earlier [1] that, after 5000 h of service of the fuel elements in the core of
the VK-50 reactor, appreciable hardening of the zirconium alloy (Zr + 1% Nb) occurred (70-80% hardening
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was reported), with a 60-70% reduction in ductility when
coupons were tested at temperatures in the range 280-
350°C. Results of mechanical tests on annular coupons ‘
cut from the cladding of fuel elements that had been in
service for 17,000 h in the core of the VK-50 reactor pro-
vide evidence of the same order of magnitude of harden-

ing in the Zr + 1% Nb alloy. The ductility was retained ‘
at a fairly high level (6-7%). |

On the basis of these data, we infer that, after 5000
h in service, the mechanical properties of the alloy come
closer to steady-state value, while, at more prolonged
service times (17,000 h) there are still no abrupt changes |
observed in the mechanical properties. 1‘
\
|

Comparison of results on the service life of the

Fig. 7. Microstructure of the cladding of cladding and fuel in fuel elements in service for 5000 h
a flawed fuel element in the neighborhood and 17,000 h revealed that the pin type fuel elements of
of a crack. Zr + 1% Nb alloy give excellent performance in long-term

service under the conditions prevailing in the VK-50 boil-
ing-water reactor.

Metallographic data obtained in investigations of the cladding of the flawed fuel element indicate that
failure of one of the 126 fuel elements occurred at the beginning of its service, as a result of pressurization
failure and penetration of coolant under the cladding jacket through some kind of primary flaw, and not as a
result of oxidation of the alloy by the coolant.

‘The investigations carried out on the cladding material and fuel material in the fuel elements used in
the VK-50 reactor show that, after protracted service in the core of the VK-50 boiling-water reactor, the |
pin type fuel elements retain their capabilities, while cladding of fuel elements made of Zr + 1% Nb alloy |
are in a satisfactory condition after that time in service. |
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MECHANISM OF RADIATION DAMAGE AND THE RESOURCE OF
STRUCTURAL GRAPHITES AT HIGH TEMPERATURES IN
LARGE NEUTRON FLUXES

V. I. Klimenkov and V. R. Zolotukhin UDC 621.039.532.2:539.2:539.12.04

Radiation damage in graphite has been investigated over almost two decades (the first publications
appeared in 1955-1956 [1-4]). Work on problems of practical importance for the reactor technology as well
as general problems connected with the phenomenon from the point of view of solid state physics has been
in progress. '

A considerable amount of experimental and theoretical data is available at present. However, many
problems of radiation damage in graphite have not been solved, which renders the prediction of results dif-
ficult. Besides the particular problems concerning changes in certain graphite characteristics as' a result
of irradiation, there is the unsolved problem of flaws in graphite, which determine the varying nature of
damage in different temperature ranges.

This situation is due to the general difficulties in the theory of solids and also the particular difficulty
of describing the structure of artificial polycrystalline graphite, which, in spite of the clearly defined struc-
ture of an ideal crystal, must be considered as a complex multiphase system.

In fact, the phenomena occurrmg in graphite structures as a result of irradiation at different temper-
atures should be cons1dered on the basis of phase equilibrium. It would then be possible to arrive at theo-
retical conclusions concerning specific types of flaws and their
Tirr °C interrelationships as well as practical technological indications
1200 on the operating resource of graphite in reactors and ways of pro-
- | ducing graphite with the required characteristics. We shall now
s D i M & attempt such an analysis.
- ( +  + i .

1000

+ ¢ + : Generalized Diagram of Radiation-Induced Change in the
soob——= >+ + ‘ Graphite Volume. For determining the mechanism of radiation
L damage to graphite, it is necessary to consider changes in its
— — :‘\, specific volume due to irradiation and heat treatment in a wide
B0 ——— = e temperature range. On the basis of available data [5-10], includ-

- - Q + ing our data [1, 10], we can plot a generalized integral flux vs
s irradiation temperature diagram, on which the regions where
~ graphite swells or shrinks are indicated (Fig. 1). In view of the
N _ complexity and variation of the behavior of various sorts of graph-
200 + F 4 ¥ - ite, the diagram does not have a completely quantitative charac-
+ o+ + i+ + _ ter. This is due to the fact that the phenomena have not been suf-
G + ; 5 : 4 ficiently investigated throughout the range of doses and tempera-
& 1022 cm -2 tures in question. However, the diagram makes it possible to
. analyze the overall pattern.

400

Fig. 1. Generalized diagram of

radiation-induced changes in the vol - The region o (low—temperature irradiation) is characterized.
ume of graphite. The plus and minus by swelling, which is a consequence of the cumulative implantation
symbols denote the swelling and and vacancy radiation defects in the crystal. Implantations cause
shrinkage reg'ions, respectively. an increase in the interplanar spacing ¢/2, while vacancies cause

Translated from Atomnaya I:Inergiya, Vol. 30, No. 2, pp. 231-234, February, 1971.
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Fig. 2. Diagram of the direction of structural changes in the
various processes: 1) standard artificial polycrystalline graph-
ite; 2) high-temperature irradiation (1000°C); 3) radiation-
graphitized material; 4) standard graphitization at 2400°C; 5)
low-temperature irradiation (100°C); 6) material with restored
and improved standard structure; 7) initial imperfect carbon
material; 8) annealing at 1500°C; 9) material rendered amor-

phous by radiation. .

a reduction in the mean parameter g. The first factor predominates in the ¢ region. At these tempera-
tures, defects consisting of single vacancies or their groups in the form of implanted C, molecules or their
groups (C,)s, (Cy)y, etc., are considered to be stable, since single implanted carbon atoms possess high ‘
mobility. The structure of irradiated graphite in the o region can be considered as a peculiar metastable |
solid solution of implanted carbon atoms in graphite in the presence of a large number of vacancies [1]. :
Such a structure cannot be obtained by using nonradiation means. Its metastability manifestsitselfin the
fact that regression occurs in heating irradiated graphite to a temperature somewhat exceeding the 1rrad1-
ation temperature. It continues with the rise in the annealing temperature and results in the recovery of '
the initial structure. The defects vanish by annihilation or by reaching drains (the activation energy in the -
150-200°C range is 1.2 eV [12]). However, the structures are somewhat different in the left-hand (@,) and
right-hand (oy) sides of the region ¢, and the recovery process occurs in different ways. On the right-hand
side a@,, i.e., for large neutron fluxes, the density of defects is so high that the diffraction pattern lines
vanish completely, while the recovery of dimensions in anneahng starts only at high temperatures (above
600°C).

The region of states g is achieved by irradiation at elevated temperatures; it is characterized by
shrinkage. This region has several parts. The bottom part gy (up to 600°C) is characterized by the mo-
bility of fine implantation groups. It is considered [13, 14] that the implantations move toward drains and
combine into large, less mobile groups, which, the larger they are, the less they affect the volume (in cal-
culation based on a single implanted atom). The accumulation of large groups progresses slowly, and,
therefore, the effect of vacancies predominates initially, producing a shrinkage. The implantation effect
leading to swelling appears only in prolonged irradiation. This is the region y, which has the same struc-
ture as the region «, but also large interplanar groups. The upper part of the region g (around 600°C and
above) is characterized by the mobility of vacancies (the activation energy is 2.6 eV [15]). They combine
into continuous chains, which flatten, so that the initial lattice constant is preserved as much as possible.
A reduction in the volume corresponds to a concentration of vacancies, the more so, the larger the group.
Microporosity, which leads to swelling, develops apparently as a result of prolonged irradiation. This is -
the region 6. At high temperatures, the process is accompamed by a large amount of shrinkage and leads .
more rapidly to the § region. :

Some Recent Data. We investigated artificial polycrystalline graphite with different structures:
graphite produced from calcined petroleum coke with a coal pitch binder according to the standard techno-
logy (with graphitization at 2300°C) and graph1te produced according to a somewhat different technology
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— with an addition of not readily graphitizable carbon black. The graphite specimens were irradiated in the
SM-2 reactor with a flux of 3 -10M neutrons/cm? . sec (E = 0.18 MeV) at temperatures of 100, 170, 600, and
900°C and a flux of (0.8-1.2) - 10?2 neutrons/ cm?.

The following was established as a result of measuring the dimensions of specimens and x-ray struc-
tural analysis [10]:*

Atlow irradiation temperatures, both graphite specimens — the standard and the nonstandard speci-
mens — experience swelling, while the lines on diffraction patterns disappear completely; in the annealing
of these graphites, the reversible shrinkage and the appearance of diffraction lines occur only at high tem-
peratures (~1000°C), and a shrinkage of specimens to dimensions smaller than the initial ones is observed
after annealing to 1500°C. The length of unirradiated control specimens does not change. After annealing,
the diffraction patterns of the irradiated specimens indicate a more perfect structure; after high-tempera-
ture irradiation (600-900°C), both graphite specimens shrink in size, while the structure of nonstandard
graphite containing the not readily graphitizable component (carbon black) becomes more perfect.

Analyzing the proposed diagram and the additional data, we arrive at the conclusion that a mechanism
which can be termed radiative graphitization, which is connected with the presence of highly mobile defects
produced by irradiation, acts in the top part of the g region (8;). Radiative graphitization consists in im-
proving the degree of perfection of the structure of artificial graphite, which has technological imperfec-
tions. In particular, the "frozen" microstresses can be released, the composition of disoriented graphite
lattice sections in crystallites can be improved, and the structure of intercrystallite boundaries can be
ordered. It is interesting that this process of more thorough graphitization occurs to a certain extent even
in the presence of a not readily graphitizable component (carbon black) in the structure.

Ordering improves the composition of the structure, and, in the final analysis, leads to graphite
shrinkage, which is observed in the region 3;. This is apparently indicated by shrinkage to values below
the initial dimensions of specimens irradiated at a low temperature. In activation by annealing at high tem-
peratures, the stored frozen radiation defects exert once (although to a lesser degree) the same action as
the generated defects if the irradiation is performed at high temperatures. Comparison between these pro-
cesses makes it possible to consider high-temperature irradiation (in the top part of the region g) as con-
tinuous annealing in the presence of mobile radiation defects, In particular cases, this process can be
utilized for technological purposes. The flowsheet of the processes is shown schematically in Fig. 2.

The ordering process resulting from radiative graphitization is opposed by the disordering process of

radiative amorphization if the irradiation is performed at a low temperature. On the whole, this results
in a phenomenon characteristic for order — disorder systems, which is connected with the presence of two
possible structural phases of black carbon: crystalline graphite and amorphous carbon black. Irradiation

" can initiate transition toward the phase which is stable at a given temperature. The metastable disordered
phase is fixed at low temperatures (in the region @). At high irradiation temperatures (in the region g3),
even a not readily graphitizable material with a low degree of structural perfection shows a tendency to im-
prove it. The best way to check this is to perform high-temperature irradiation of an imperfect, not readily
graphitizable raw material that has been subjected to high-temperature heat treatment. Preliminary low-
temperature irradiation of such raw materials for the accumulation of activating radiation defects that can
promote graphitization is also of interest.

It should be mentioned that, during prolonged irradiation at a high temperature, the transition to the
6 region is probably connected with the development of shrinkage microstresses and microcracks, which
progress as a result of the generated vacancies. This assumption and the above assumption concerning
vacancy pores have to be checked in microstructure investigations.

The authors are gratefulto Yu.S.Virgil'ev, I. P. Kalyagina, and T. N. Shurshakova for their kind
permission to mention in this article the data obtained jointly and only partially published. We also thank
G. I. Sochilin for the discussion of the results. '

;‘In collaboration with Yu. S. Virgil'ev, I. P. Kalyagina; and T. N. Shurshakova.
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‘LIST OF REPORTS SUBMITTED TO THE SECOND PANEL OF THE
COMECON '70 CONFERENCE

Redesigning of the VVR-S Type Research Reactor, 'and Operating -

Experience — F. Szabd, L. Varkdny, and L. Frankel (Hungary)

A brief review is given of the basic stages in the redesigning of the VVR-S type reactor. The nuclear
characteristics of the core are cited.

While the reactor was in service, the neutron flux was optimized with attention given fo the requu'e—
ments of research work, isotope production, and economic ut111zat10n of fuel assemblies,

High neutron flux with the required neutron spectrum is made available for activation analysis work.
The basic solutions contributing to improved operating conditions of the reactor, improved expedltmg of
research work, and expanded production of isotopes, are cited in the article,

Testing Experimental Fuel Assemblies for Power Reactors in the

MR Reactor — V. V. Goncharov, E. P. Ryazantsev, L. A. Goncharov,

and A. B. Kruglov (USSR)

A procedure for éonduc‘ting tests of fuel elements and fuel -element materials for power reactors in
subloop test rigs is discussed, Concrete examples of the ways in which subloop experiments are set up
and carried out are reported. '

Brief results of MR in-pile tests of fuel elements consisting of sintered uranium dioxide meat clad
in zirconium alloy jackets, for water-cooled water-moderated reactors and for boiling-water reactors de-
signed for nuclear electric power generating stations, are reported.

Validation of the Selection of Zirconium Alloy for Cladding of

Fuel Elements in the VVER-440 Series-Produced Power Reactors

— A. D, Amaev, R. 8. Ambartsumyan, V. V. Goncharov, A. M.
Glukhov, K. P. Dubrovin, E. G. Ivanov,/L. M. Ionova, A. B.
Kruglov, L. M. Lebedev, E. P. Ryazantsev, A. V. Sedova,
and I. A, Anisimova (USSR) |

Results of investigations carried out on the structure, mechamcal properties, and corrosmn resis-
tance of zirconium alloy with 1% Nb, for use in the fabrication of cladding for fuel elements in VVER type
reactors, depending on various. factors (impurity content, temperature, environment, etc.), which exert a
serious affect on the properties of the alloy, are reported. Some relationships are established between the
structure of the metal and the properties of oxide films. ~

Translated from Atomnaya Energiya, Vol. 30, No. 2, pp. 234-240, February, 1971.

© 1971 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. Al rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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Results of tests carried out on eéxperimental fuel elements clad with Zr +1% Nb alloy, in the MR re-
actor, in pressurized water and in boiling water, are presented, as well as data from 1nvest1gat10ns of the
cladding material in a hot materials studies laboratory.

Information is cited on the effect of pile radiation, coolant composition, mechanical stresses, and
hydrogen content in the alloy, on changes occurring in the properties of the alloy. It is demonstrated that
changes in the strength characteristics and plastic characteristics of the alloy Zr + 1% Nb are affected
primarily by radiation-induced hardening, hydrogen content, and the orientation of hydrides present.

Expansion of Experimental Capabilities of the MR Reactor for

Subloop Tests on Fuel Elements and Fuel-Element Materials

- V. V. Goncharqv, E. P. Ryazantsev, P, I. Shavrov, P. M.
Egorenkov, E. N. Babulevich, I. M. Novikov, V. K. Fishevskii,
A. B. Kruglov, and L. K. Zakharov (USSR)

The Traihing Reactor of Budapest Polytechnic Institute

— D. Csom, I, Dios, L. Frankel, et al. (Hungary)

Rigging and assembly work is now in progress, on the premises of Budapest Polytechnic Institute, on
a 10 kW nuclear reactor to be used in the research and training programs of Budapest colleges.

The basic features of this project are reported on, The design and experimental programs worked
out at Central Physics Research Institute for optimization of the nuclear-physws parameters of the reactor
core are described. Results of the program are cited. A description is given of the five training and re-
search programs being carried out at the reactor and in laboratories.

Reactor Design in the Polish Peoples Republic — (Review Paper)

In 1958, Poland's first research reactor, a VVR-S type reactor delivered by the Soviet Umon was
commissioned. .

In subsequent years, the power output of this reactor was raised in two stages. In the first stage,
the reactor power was raised from 2 to 4 MW in 1964, by changing the design of the fuel assemblies which
incorporate type EK-10 fuel elements. This led to a higher surface heat transfer coefficient between the
fuel assemblies and the primary-loop coolant, and resulted in lower temperature gradients over the length
of the fuel assemblies. Designs of the new fuel assemblies are cited in the article.

In the second stage, the VVR-S reactor output was raised to 8-10 MW in 1966 by changing the design
of the VVR-SM type fuel elements, and by resorting to the use of a beryllium reflector. The increased re-
actor power output stemmed from redesign of the reactor. The design of the new beryllium-reflected re- .
actor core, and the principal components which were rebuilt, are described.

In addition to this VVR-S type reactor, work has begun more recently on the construction of a high-
flux research reactor with a core similar to that of the Soviet MR research reactor. The design of the re-
actor and its equipment are described, and opportunities for utilizing the reactor in materials irradiation,
isotope production, and physics research on neutron beams, are indicated.

The SM-2 High-Flux Reactor .(Operational and Technological

Characteristics) — V. A. Tsykanov, P. G. Aver'yanov, M. D,
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Aleshin, Yu. P. Kormushkin, R. I. Korotkov, A. S. Kusovnikov,

B. V. Samsonov, and G. P. Lobanov (USSR)

The physical, technological, and performance characteristics of the SM-2 reactor achieved follow-
ing redesign and modernization of the core, the process loops, and experimental devices, are presented.
| Technological characteristics of the performance of the reactor loops and systems are reported. It is de-
| monstrated that the optimum reactor campaign and operational schedule were selected for a large number '
! of experimental devices operating simultaneously.

‘[ The basic engineering costs indices of the performance of the SM-2 reactor such as reactor utiliza-
| tion factor, percentage U?®® burnup in the fuel assemblies loaded into the core, and the number of speci-
| mens being irradiated, are cited. :

! Materials Testing Methods in the SM-2 High-Flux Reactor
| — V. A, Tsykanov and B, V, Samsonov (USSR)

Methods for investigating materials in the SM-2 high-flux reactor are presented. Special features of
the reactor which have some bearing on the procedures and organization of research are pointed out. Speci-
‘ fic examples of subloop and capsule type irradiation devices and devices for in-pile investigations (mechan-
} ical properties of gtructural materials, behavior of fuel materials, electrical engineering parameters of
| insulating materials, precision in thermocouple readings) are cited.
|
|

Experience in Improving Reactor Control and Monitovring Eduipment

in the VVR-S(M) Type Research Reactor at the Central Physics

Research Institute — D. Pallagy (Hungary)

Experience in the operation of control and monitoring systems in operation over a twelve-year period,
and improvements and additions carried out during that time, are described. The systems operate reliably,
carrying out their functions completely; they do not have to be replaced in the switchover to computerized .
controls.

Some Physical Features of the SMV-lZ Reactor, and Comparison of

the SM-2 with Other High-Flux Reactors — V. A, Tsykanov; Yu. P,

Kormushkin, and R. I. Korotkov. (USSR)

The basic physical features of the SM-2 research reactor which are responsible for some of the tech-
nical advantages belonging to reactors of this type are cited. A procedure for comparing high-flux reactors,
with their productivity and cost factors taken into account, is proposed. This procedure provides a basis
for comparing trap type reactors (SM-2 and HFIR reactors), and trapless high-flux reactors (Savannah
River reactor), with the inference that trap type reactors, with their appreciable technical advantages, may
by quite the equals of large reactors of the type built at the Savannah River nuclear power plant in terms of
productivity. '

Experimental Determination of Radiation Energy Release Rate in

Some Strucfural Materials in the VVR -8 Reactor of the Institute

of Nuclear Physics of the Academy of Sciences of the Uzbek SSR
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- R. 8. Abdu~1’1ae\),. K. P. Vlasov, M. S. Pirogov, Yu. V. Polyak,
Yu. S. Skripnikov, N. T. Sychev, V. 8. Terekhov, and D. K.
Shiryaev (USSR)

Investigations were carried out in the VVR -8 reactor of the Institute of Nuclear Physics of the Acad-
emy of Sciences of the Uzbek SSR, .testing specimens of the materials Kh18N9T, STZ, Rv, aluminum, AMG,
zirconium, and molybdenum. Results obtained through the use of different methods to determine the rate
of radiation energy production are compared. The dependence of the rate of radiation energy release on the
reactor power level, and the effect of a cadmium shield on the amount of energy released, are discussed.
The energy distribution over the height of a 5/10 cell is compared to the. fast flux distribution and.thermal
flux distribution.

A computational formula for the distribution of radiation energy release over the helght of the 5/10
cell of the VVR-S reactor is derived.

Investigations of Reactor Materials Conducted at the Nuclear

Research Institute (Poland)

Development and Investigation of Pearlitic Steels for the Steam

Generators of Nuclear Power Plants with Sodium-Cooled Reactors

— G. I. Kapyrin, I. V., Gorynin, N. N. Gribov, Yu. F. Balandin,
S. 8. Shurakev, and Yu. M. Trapeznikov (USSR)

Estimates of the Serviceability of Austenitic Steels for Nuclear

Power Plants with Sodium-Cooled Reactors — G. I. Kapyrin, N. N.
Gribov, Yu. F. Balandin, S. S. Shurakov, and T. I, Ivanova (USSR)

Estimates of the Serviceability of Cladding in Fuel Elements for’

Fast Reactors — Yu. I. Likhachev and A. A. Proshkin (USSR)

Long-Term Strength and Creep Behavior of Nickel Alloy Irradiated

at Different Temperatures — S. N. Votinov, V. K. Shamardin, and

V. I. Prokhorov (USSR)

The effect of neutron irradiation on long-term strength and creep in the alloy Kh20N78T at the tem-
perature 650°C, with tests conducted for periods less than 1000 h, is studied The irradiation was carried
out in the SM-2 reactor, with an integrated flux of 5 - 10? neutrons/cm? (E = 0,85 MeV), at temperatures of
500 and 780°C. It was found that the fall-off in 100 h long-term strength attained ifs maximum after irra-
diation at 500°C. The post-exposure microstructure of the alloy after the tests is characterized by the
presence of porosity along the grain boundaries.
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Effect of Neutron Irradiation on the High-Temperature Properties

of Type Kh13 Stainless Steels — S. N. Votinov, V. D. Balashov,

V. I. Zinkovskii, E. A. Krylov, V. I. Prokhorov, and V. K.
Shamardin (USSR)

The mechanical properties of steels type Kh13, of the ferrite —martensite class, with alloying addi-
tions of Si, Mo, Nb, B, and so forth, were studied. Coupons of these steels were irradiated by fast neu-
trons in the SM-2 reactor at the temperature 100°C, at integrated doses of 4 -1020, 4-10%, and 4.10%
neutrons/ cm?, and also at T = 350°C up to integrated doses of 8- 1020 neutrons/ cm?, and at T = 650° to
700°C at integrated doses up to 2 - 102 neutrons/cm?,

It is shown that softening greater than that characferizing the unirradiated state is detected in all the
steels investigated, following exposure to the fast flux, and starting with a certain temperature which.de-
pends on the degree of alloying, the integrated dose, and the irradiation temperature. The temperature -
range for softening of irradiated steels extends from 500° to 650°C. .

It is demonstrated that high-temperature ductility in chromium steels deteriorates after neutron ir-
radiation.

Heat-Resistant Steel for Pressure Vessels of Pressurized-Water

(Water-Cooled and Water-Moderated) Reactors — I. V. Gorynin,

Yu. F. Balandin, Yu. I. Zvezdin, I. A. Razov, and S. S.
Shurakov (USSR)

A special class of heat-resistant steels has been developed, on the basis of an extensive research
and development program, for the pressure vessels of water-cooled water-moderated reactors using pres-
surized water. The composition of these steels is: carbon 0.11 to 0.21%, chromium 2.0 to 3.0%, molyb-
denum 0.6 to 0.8%, vanadium 0.25 to 0.35%. These steels respond well to manufacturing processes and can
be used in the fabrication of large welded pressure vessels for nuclear reactors.

The effect of heat treatment conditions on strength and plasticity under short-term tensile load, and
proclivity to brittle fracture, were investigated. A study was also made of thermal embrittlement of these
steels in long-term service at temperatures in the vicinity of 350°C.

The steels developed in this program show more or less the same resistance to short-term fatigue
as that shown by low-alloy and medium -alloy pearlitic steels.

Special attention was given, in the course of developing these steels, to their stability to radiation,
and to possible hydrogenation through theinterationwith water in the event of disruption of the anticorro-
sion surfacing. Under irradiation with a flux of ~10%*® neutrons/cm? (E = 1 MeV) at temperatures near
300°C, the critical temperature for the brittle-to-ductile transition shifted by 20-50°C in these steels,
whereas the shift is greater than 100°C in the case of steels of similar function in service in the USA (grades
A302, A212, A516, A350).

' A theoretical estimate was made of the maximum possible hydrogen saturation of the steel. Limiting
pressures of the hydrogen released when the iron interacts with water at temperatures from 300° to 1000°K
were calculated. ‘

Possible hydrogen concentrations in the steel were determined on the basis of the data so obtained.
The hydrogen saturation features of the steel during corrosion processes are examined.

Investigation of the Behavior of Zirconium Alloys under Irradiation,

and Investigation of Coolant for the VK-50 Boiling-Water Reactor
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- V. S. Belokopytov, S. N. Votinov, A. B, Andreeva, M. D.

Deribizov, V. K. Shamardin, and P. P, Grinchuk (USSR)

Results of an investigation of the alloys Zr + 1% Ne and Zr + 2.5% Nb on specimens irradiated for
13,0000 in the coolant used in the VK-50 boiling-water reactor are reported.

The experimental data obtained on the corrosion behavior of the alloys, and results of mechanical
tests, are then compared to data on autoclave tests and reactor subloop tests of the zirconium alloys.

An estimate of the service life of the alloys Zr + 1% Nb and Zr + 2.5% Nb under real conditions in the
VK-50 boiling-water reactor was made on the basis of analysis of the results obtained.

Effect of Isochronous Annealing on the Mechanical Properties

and Morphology of Hydride Inclusions in Irradiated Zr + 1% Nb

Alloy — E. G. Ivanov, L. A. Elesin, L. M. Lebedev, and V. V.
Chizhaev (USSR)

Results of investigations of coupons of an irradiated central tube in a fuel assembly of a reactor in the
Novaya Voronezh' Nuclear Power Station, made with isochronous annealing at 300-800°C, are reported.
The following techniques were applied in the investigations: optical metallography, electron transmission
microscopy, studies of mechanical properties, microhardness measurements, determination of hydrogen
present,

A central tube 12.0 x 0.85 mm across was irradiated in a reactor fuel assembly at t = 250-270°C
for 15,000 h with an integrated neutron flux (E = 1 MeV) of about 2 - 10?! neutrons/cm?. During the irradia-
tion, the tube was oxidized on both sides, resulting in the formation of a uniform oxide film up to 0.03 mm :
thick, while the hydrogen content attained the level of 0.08 wt. %.

It was found that considerable annealing out of defects formed during irradiation takes place at the
temperature 450°C, and that even though the hydrogen content shows no signs of diminishing, ductility rises
from zero to 10%. Further annealing brings to light a complex relationship between changes in ductility
accompanied by changes in the morphology of the hydride inclusions, a decrease in the amount of hydrogen
present in the material, and dissolution of oxygen from the film in the alloy.

Production of Zirconium by Electrolysis of Fused Salts o

— G. Mandru (Rumania)

Investigations' were conducted on a laboratory facility with a capacity of 40 to 50 g zirconium per
cycle, with electrolysis of a melt of K;ZrF; and NaCl in an argon environment. The composition of the
zirconate, percentage figures, was: Al 1071, 811071 10 1072, Fe > 102, Mn 1072 to 1073, Mg = 1072, Pb
1073, Ti1073, Cul03to 107™%, Cas> 1072, Hf> 107!, The cathode was a stainless steel rod, while the anode
was a graphite crucible.

The process variables were: voltage 4-5 V, 1n1t1al current density at cathode 300 to 500 A/ dm?, tem-
perature 800-820°C, duration 1.5 to 3 h.

A mixture of zirconium and the salts NaF, KF, K,ZrF; was deposited on the cathode during the elec—
trolysis. The salts were removed by washing with distiiled water, followed by acidification with HCI.

Over 75% of the resulting zirconium powder consisted of particles in the 40-150 mm size range. The !
chemical composition of the resulting metal, in percentage figures, was: Fe > 107!, Ni 1072, Cr 1074, Si
=107, Ti1072t0 1073, Mg 1073, A1 1072, Cu1073, Mn 107}, Hf 107! to 1072, The elements Fe, Cr, Mn,
and Si get into the zirconium through corrosion of the process equipment.

Separation of the hafnium from the zirconium took place in the course of the electroly51s with a de-
gree of purification 95-97%.
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Process variables optimizing the yield of metal were arrived at. It is reported that repeated utili-
zation of the electrolyte bath is advisable only when less than 80% of the metal is extracted in the first
cycle. '

Investigation of the Radiation Stability of Pressure Vessel

Material for a Heavy-Water Reactor — S. N. Votinov, V. A,

Tsykanov, B. V. Sharov, V. K, Shamardin, V., I, Prokhorov,
G. P. Lobanov, V. N. Shulimov, V. S. Yarkovoi, G. A.
Sernyaev, V, M, Raetskii, B. V. Samsonov, and A. S.
Pokrovskii (USSR) '

Irradiation procedures are described. Results of a study of the mechanical properties of the alumi-
num alloy SAV-1 in the state of stabilizing heat treatment (quench — natural ageing — anneal at 230°C for-
20 h) at testing temperatures 20° and 80°C, following irradiation in the SM-2 reactor, are cited. The ir-
radiation was conducted at the temperatures: 50-60°C and 110-130°C in water, 80-110°C in helium, 160-
170°C in inert filler gas, The integrated neutron doses were 3.1 -10'? to 1.6 - 10?! neutrons/cm?. It was
shown that changes in the strength characteristics and ductility characteristics of the alloy SAV-1 in the
stabilized state, during irradiation at 80-130°C with integrated doses to 1.6 - 10%! neutrons/cm?, place no
restrictions on the use of the alloy under the physical conditions prevailing in the operation of the heavy-
water reactor. ' '

Validation of the Selection of Zirconium Alloy' for Cladding of

Fuel Elements in Series-Fabricated VVER-440 Power Reactors

— R. S. Ambartsumyan et al. (USSR)

Studies of Porosity in Cyclotron-Irradiated Steels — Yu. N.

Sokurskii, N. P. Agapova, V. D, Onufriev, and F. P. Butra (USSR)

The method of transmission electron microscopy was used to follow out the initial stages of nucleation
and development of helium porosity in specimens of OKh16N15M3B steel and OKh20N80 alloy irradiated by
helium ions on a cyclotron, to concentrations of 0.012 wt. % helium, with anneals and high~temperature de-
formation, '

Data were obtained on the number of pores per cm® of metal, on the growth kinetics of pores, on the
size distribution of pores, and also on the relation of pores to dislocations, grain boundaries, and precipi-
tations at different stages of annealing. An estimate was made of the diffusion coefficient of helium atoms
in the materials investigated. The kinetics of helium liberation from a solid solution based on a metallic
matrix into pores was studied.

A metallographic investigation was conducted of later stages of helium porosity. Structural investi-
gations of helium-saturated specimens were sized up against data from mechanical testing at temperatures
to 800°C, i.e., at temperatures at which high-temperature radiation embrittlement is observed.

The development of porosity is observed to speed up during deformation. The embrittlement effect
is connected with blockage of intragrain slip, because of pinning of dislocations by fine pores, and with sup-
pressionof diffusion creep of the matrix on account of helium atoms, as well as with weakening of grain
boundaries because of pile-up of helium pores on grain boundaries.

289

eclassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2




Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP1_O-02196R000300080002-2

Effect of Radiation~-Induced Changes in Structure on the Properties

of Sintered Materials — E. Labusca (Rumania)

Several aspects of the effect of the structure of sintered materials on their behavior under neutron
irradiation are discussed.

Selection of process variables is used to produce sintered materials (Al,Oy and ferrite base) of 1dent1—
cal chemical composition but with different structures and properties,

The structural modifications were revealed by electron microscopy. A relationship with the initial
structure and with the neutron flux was found, as well as with changes in the mechanical properties of the
Al,0, and in the magnetic properties of the ferrites.

Attempts were undertaken to simulate their radiation effect.

Note on the Distribution of Fission Fragments and Oxygen in

Uranium Dioxide — V. P. Vyskubov, V. M. Kosenkov, I. G. Lebedev,

and A. S. Pokrovskii (USSR)

X-ray structural analysis was applied to investigation of the state of the UO, crystal lattice following
high-temperature irradiation of rod-type fuel elements to burnup levels of 9 wt. % uranium. It is proposed,
on the basis of data from analysis of the ratio of structural factors of diffraction lines with an even and an
odd half-sum of interference indices, that a portion of the fission fragments becomes lodged interstitially
in octahedral voids in the UO, lattice.

The fact of nonmonotonic variation in the crystal lattice parameters, and widths of diffraction lines
over the radius of the fuel element is established. The results are discussed in relation to the distribution .
of fission fragments and of oxygen in the UO, lattice. Analysis of the oxygen ion diffusion equation with
respect to the cross section of the fuel element confirms the existence of an extremum point in the oxygen
distribution over the radius of the fuel-element meat core.

Investigation of Promising Uranium Carbide and Plutonium Carbide

Fuel Compositions for Fast Reactors — I. S. Golovnin, T. S.

Men'shikova, F. G. Reshetnikov, B. D. Rogozkin, V. V. Artamonov,
R. B. Kotel'nikov, V. S. Belevantsev, S N. Bashlykov, Yu., K,
Bibilashvili, V. 8. Mukhin, G. V. Kalashnik, I. G. Lebedev, V., I.
Kuz'min, A. S. Piskun, L. K. Druzhinin, and G. V. Titov (USSR)

Investigation of UO, Low-Temperature Sintering'of UO, — I. Mirion

and G. Daschelu (Rumania)

Some results of 1nvest1ga.t10ns into the effect of process variables on the properties of sintered UO,
are reported.

Dimensional Stability of Rod Type Fuel Element under Irradiation

— V. E. Ivanov and V. F. Zelenskii (USSR)
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"The effect of various factors, such as radidtion growth, swelling, -and créep under irradiation on the
life span of a rod type uranium-fuel elemént is analyzed. The discussion takes ip the operating conditions
of the fuel element in the KS-150 reactor. The conclusions drawn from this analysis are compared with re-
sults established experimentally in radiation tests on rod type fuel elements. Some inferences are drawn
on the prospects for using fuel elements of this type in redctors at burnup levels to 1.5-2%.

Investigation of Working Fuel Bundle (With Carbide Fuel) in the

BR-5 Fast Reactor — A, I, Leipunskii, Yu. A. Aleksandrov, O. D.

Kazachkovskii, S. N. Votinov, I. G. Lebedev, K. S. Piskun, E.
F. Davydov, et al. (USSR)

Some Problems in the Development of Fuel Elements for Tdst

Reactors — I. S. Golovnin, Yu., K. Bibilashvili, T. S. Men'shikova,
A, V. Medvedev, and -G. V. Kalashnik (USSR)

Post—Pvil‘e Investigations of Fuel Elements in Service for 626

Effective Days in the Core of the VVER-1 Reactor of the: Novaya

Voronezh' Nuclear Power Station — V. S. Belokopytov, S. N.

Votikov, Z. I. Pakhomov, M. D. Deribizov, V. Ya. Gabeskiriya,
V. F. Portnov, and P, P. Grinchuk (USSR)

Design and Basic Characteristics of the Fuel Element for the

VVéR—lOOO Reactor — A, S. Zaimovskii, V. V. Kalasrh-nik'ov,

i V. N. Kostrov, L, L, Malanchenko, A, V. Nikulina, and V. S,
Yamnikov (USSR)

Investigation of Fuel Elements in a Fuel Assembly in Service for

17,000 h in the Core of the VK-50 Reactor — V. S. Belokopytov,

S. N. Votinov, V. M. Sarychev, M. A. Dem'yanovich, B, P. Petin,
A. B. Andreeva, M, D. Deribizov, and V.‘ A, Shchepetil'nikov (USSR)

Development of the Technology of Uranium Metal Based Rod Type

Fuel Elements for Use in the Production of Fuel Elements for a

Critical Assembly in the Czechoslovak A-2 Heavy-Water Reactor

Project — E. Vaclavik and 8. Kain (CSSR)
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A review is presented of papers devoted to the development of the technology of rod type fuel elements
at a research and development plant of the uranium industry at Mni$ka pod Brdy.

Various methods for producing low-alloy uranium alloys of the type U—Fe—Al—S8i, and their effect on
the uniformity of silicon distribution, are discussed. The technology of extruding uranium rods in the upper
range of a-phase temperatures is described. Uranium plasti¢ flow during extrusion is investigated, as
well as the effect of fused salts, lubricants, and superficial flaws in the stock, on the quality of the rod pro-
ducts.

Results of measurements of the temperature, pressure, and Poisson behavior in extrusion are re-
ported, and an explanation is offered for the a—g-transformation occurring. The effect of different sets
of heat treatment conditions to which the uranium rods are subjected on the structure and growth coefficients,
-and also on the strength and soundness of U—Ti welded joints, is discussed. Production of tubing for clad-
ding, and the cladding technology, are discussed, as well as the effect of several factors on the strength
of the clad — fuelbond and clad —titanium plug bond.

This technology was applied to the fabrication of 40 tons of fuel elements for the critical assembly in
the A-2 reactor,

Investigation of Rod Type Fuel Elements for the Heavy-Water Gas-Cooled

KS-150 Reactor — Yu. M. Golovchenko, M, A, Vorob'ev, B. A. Bychkov,

A. S. Davidenko, V. S. Votinova, V., T. Deripasko, A. Ya. Zavgorodnii,
A. P. Sych, et al. (USSR)

Calorimetric Method for Determining Burnup of A-1 Reactor Power

Station Fuel Elements While in Service — S. Novéik, M. Budinsky,

and J. Beres (CSSR)

A method for measuring the degree of burnup in separate fuel elements of the A-1 nuclear power sta-
tion while the elements are in service is reported on. The amount of heat generated in a single fuel ele-
ment is determined, with allowance for all possible losses, by measuring (indirectly) the amount of heat
carried off by the gas. The relationship between the change in the isotope composition of the fuel and the
amount of heat given off is' determined. The scheme of the computation program is presented, with a dis-
cussion of the accuracy attainable by the method.

- Study of Migration of Fission Fragments in Fuel Elements, by the
y-Spectrometry Method — A, V. Sukhikh and E., F. Davyd'ov (USSR)

Results of measurements of the concentrations of the fission fragments Cs!3?, Ce!, Zr®, Nb®, and
Rul® as they vary with the height of experimental ceramic fuel base fuel elements, differing in the type
of fuel, fuel density, duration and temperature of irradiation, number of cycles of variation in reactor out-
put power, manner of fuel packing in the element volume, are reported. An analysis of the redistribution
of the fissionfragments as a function of thoseparameters is also made. The dependence of the distribution of
daughters of fission products on the chemical nature of the parent fragments and on the thermodynamic pro-
perties of the latter is discussed. Anomalies in the behavior of poorly volatile fragments are explalned
in terms of the formation and decay of their compounds.

Utilization of Boron Carbide in Nuclear Engineering — F.

Constantinescu (Rumania)
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Conventional methods for production of B,C of high purity and stoichiometric composition run into
severe difficulties. A method is developed here for producing high-purity B,C at low temperatures (1450-
1500°C). Grain growth in polycrystalline B,C and in single crystals is investigated.

Effect of Alloying with Elements Belonging to Groups IVA and VIIA
of the Periodic Table on the Radiation Stability of Boron Carbide

- V. P. Gol'tsev, T. M. Guseva, V. V. Chesanov, V. K. Nevorotin,
and V. B. Ponomarenko (USSR) v

Results of an investigation of the effect of alloying with elements belonging to groups IVA and VIIA of
the periodic acid on the radiation stability of boron carbide are reported. Compositions with a natural boron
carbide base (B,C + Fe, B,C + Ti, B,C + Zr) with 1-2% additions of alloying elements were irradiated in
the SM-2 reactor with a thermal flux of 5 - 10! neutrons/cm? - sec and fast flux of 10% neutrons/ cm? - sec.
After irradiation, these compositions were subjected to the following investigations: determination of den-
sity and structural stability, study of phase composition, study of changes in the linear expansion coeffi-
cient, and also study of the process of liberation of gas with subsequent investigation of the structure in
isothermal anneals. : ‘

On the basis of the results of these studies, it was found that alloying with elements of the IVA group
does more good than alloying with elements belonging to the VIIA group., When a study was made of struc-
tural changes following isothermal anneals, some slight susceptibility to radiation damage on the part of
B4C + Fe compositions after isothermal anneals was detected. The favorable effect of these alloying ele-
ments on enhancing the radiation stability of the carbide was inferred from the studies.

Effect of Tungsten and Molybdenum.on the Radiation Stability of

Boron Chromium — Nickel —Iron Alloy — I. Ya. Emel'yanov, R. V,

Grebennikov, B. S. Sergeev, and R. K. Pereverzeva (USSR)
Boron chromium —nickel —iron alloys are used as absorbers in the control rods of nuclear reactors.

Widespread acceptance and use of this inexpensive and easy-to-work material is hampered by the for-
mation of helium when B! is irradiated. Buildup of helium in micropores at high irradiation temperatures
leads to swelling of parts made from this alloy, to the formation of microcracks and loss of strength. The
microstructure of these alloys is two-phase, consisting in the cast form of chromium —nickel —iron base
and a brittle acicular boride phase with coarse Me,B type borides. '

Radiation stability of type Kh20N35R2 boron alloys is enhanced appreciably if the boride phase is com-
minuted and the strength of the metal substrate is improved. : :

The boride phase can be sized-reduced by hot deformation of the alloy. At irradiation temperatures
of 500-600°C, rolled alloys exhibit better radiation stability and greater strength than cast alloys. But
these advantages are vitiated when the temperatures are raised. Alloying of boron alloys with tungsten and
molybdenum, which improve the refractory behavior of the metal base, simultaneously brings about size
reduction of the boride phase. The boride forming then has the same form as M;B, with a hexagonal type
VB, lattice.

Bending strength or unirradiated chromium —nickel —iron boron alloys alloyed with tungsten and moly-
bdenum is improved over that of unalloyed borno alloys, from 70 to 85-100 kg/mm?, When irradiated with
a flux of 3 +10?* neutrons/ cm? at 750-850°C, the strength of the unalloyed alloy drops to 10 kg/mm?, while
alloy with additions of tungsten and molybdenum shows a rise in strength to 50 kg/mm?, The density of
boron alloys with no additions of tungsten and molybdenum drops by 20-25% under irradiation (at the para-
meters listed above), but by 15% in the case of alloys with additions of tungsten and molybdenum.

Alloying of boron alloys with tungsten and molybdenum also reduces warping (sag under irradiation)
to a considerable extent. :
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‘Effect of :Irradiation on the Properties o'f_*_B‘oro-n—C*o{n'taining Absorbing

Materials — V. P. Gol'tsev, T. M. Guseva, V., K. Nevorotin, V. B.
-Ponomar‘enko., N. V. Krasnoyarov, and S. A, Kuznetsov (USSR)

Results of radiation tests on (n, @)-absorbers (TaB;, CrB,, HfB,, EuBG, EuByg, LaB,,) andtheir mix-
‘ tures eradlated inthe SM-2 reactor witha thermal flux of 5 - 10! neutrons /em? - sec and fast flux of 1 - 10 neu-
trons/cm?. sec for 3350 hare reported. Investigation of the radiation stability entails also investigating struc-
tural stability and dimensional stability, studies of mechanical properties, -dilatomeétric investigations, and
also the study of the process of gas liberation over the temperature range from 200° to 1000°C.

It was found that not all the compositions are capable of withstanding irradiation, because of
accumulation of helium, which generates significant stresses in the material, -Studies- of the density and
microstructure made it possible to discern changes in the geometric parameters, and considerable damage
to the structure-itself was revealed.

The study of the process of gas liberation from these compositions demonstrated their different ability
to retain the gas, as well as the presence of different mechanisms by which the gas escapes from parts
made from the material. On the basis of the results of these investigations, conclusions were drawn as fo
the radiation stability of some borno-containing compounds, and recommendations were advanced on their
possible use as materials for control rod systems in various nuclear reactots.

Radiation Stability and Effectiveness of Dysprosium Absorber Materials

— I. Ya. Emel'yanov and R, V. Grebennikov (USSR)

Dysprosium, upon absorbing neutrons, forms a chain of daughterisotopes with é.'high cross section
for neutron absorption.

Results of a study of the stability of pressed, and later sintered, specimens made from oxides of rare
-earths with.different contents of titanium oxide are cited, since informatioh lias been pprovided on the posi-
tive effect of titanium oxide on the-stability of other oxides of rare earths.-

A procedure for measuring absorptivity on a physical test bed is described, and experimental data
on the effect of additions of the oxides of hafnium, gadolinium, erbium, and holmium -on the effectiveness
of dysprosium oxide are reported.

Results of calculations of burnup of dysprosium with additions of gadolinium, -erbium, holmium, and
hafnium are also cited. The results of the effect of long-term irradiation (3.3 - 10*® neutrons/ cm? with de-
pression taken into account) in a reactor at temperatures 550-650°C and 750-850°C on the strength and di-
mensions of sintered ceramic specimens with a dysprosium oixde base are reported. It is shown that dys-
prosium oxide case ceramic materials exhibit excellent radiation stability.

Bending strength, dimensions, and shape of the specimens underwent virtually no change.

Radiation Stability of Rare Earth Base Absorbing Materials

— V. P. Gol'tsev, T. M. Guseva, N. V. Krasnoyarov, S. A,
Kuznetsov, V. B, Ponomarenko, and V. K, Nevorotin (USSR)

Results of an investigation of oxides of the rare earths (Eu, Sm, Dy, Gd), and their dispersion in a
metallic matrix (Cr, W, Ta, Mo, Ni, Cu) following neutron irradiation are cited.

Specimens were irradiated in the SM-2 reactor at temperatures of 300-500°C by a thermal flux of
5-10! neutrons/ cm? - sec and fast flux of 10! neutrons/cm? - sec, for ~150 effective days.

On the basis of the radiation stability criteria for (n, v)-absorbers, a detailed study was made of the
effect of irradiation on the dimensional stability, phase stability, and structural stability of the compositions.

294

Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2




Declassified in Part - Sanitized Copy Approved for Release 2013/02/25 : CIA-RDP10-02196R000300080002-2
“The ‘analysis of the résults -”p"rbVidéd a basis for récommerndationsas to the applicability of the (n, y)-ab-
sorbers investigated as materials for control rod systems in nuclear reactors to be built in nuclear elec-
tric ‘power generating stations,

Radiation ‘Damage Mechanism and Service Life of Structural Graphites

at High Temperatures and at High Neutron Flux Levels — V. I. Klimenkov,

Yu. S. Virgil'ev, V. R. Zolotukhin, G. I. Sochilin, V. G. "Dvoretskii,'
I. P. Kalyagina, and T. N. Shurshakova (USSR)
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PROPAGATION OF
~ NEAR THE EARTH.

By Ya. L.,Alpén and D. S. Fligel - .

Institute of the Earth’s Magnetism, lonosphere,

f \

Translated from Russian by James S. Wood

. This volume presents a comprehensive re-
. view of current developments in the area of
propagation of VLF and ELF electromag-
netics. Frequencies covered range from the
VLF maximum of approximately 100 kHz to
the ELF minimum of about 1 Hz. Propagation
in the waveguide formed by the earth’s sur-
face and the lower ionosphere is thoroughly
discussed. The book also includes an ac-
count of the most recent and sometimes con-
troversial research in magnetospheric
plasma above the ionosphere as well as dis-
cussions of ELF and VLF wave propagation
within the ionosphere. .

Values of the refractive index and attenua-
tion factor calculated with regard for the
contribution of neutral particles are given for
the lower ionosphere™ (D-region), the outer
iqnosphere (3000 to 6000 km), and the mag-
netosphere (to 100,000 km). Various theo-
retical relations derived rigorously and by

~ ELF AND VLF WAVES

! and Radio Wave Propagation of the Academy of Sciences of thé USSR

;-

asymptotic techniqde's for the field in the
waveguide are-subjected to analysis, and
the theoretical results are compared with the

‘greater body of expenmental data found in

the literature.

Excellent for the first year graduate stu-

dent in physics and electrical engineering,

this Special Research Report will also prove
invaluable for space, radio, plasma, and the-
oretical physicists, electrical engineers, geo-
physicists, astronomers and astrophysicists,
and research workers in fluid mechanics.

7

Ya. L. Alpert is a leading Soviet authority
on all aspects of radio wave propagation.
Alpert and his co-workers have pioneered

"methods of analysis of waveforms of ‘‘at-

mospherics' and conducted provocative
work on use of electromagnetic waves emit-

ted from nuclear explosions. :

SPECIAL FEATURES

*» 353 references * 85 illustrations ¢ 18 tables

-~
CONTENTS: Introduction * Properties of the iono-
sphere at low and very low frequencies ¢ Statement-
of the problem ¢ Solution for a sharply bounded
homogeneous model of the eérth-ionosphere wave-
guide * Analysis of the pole equation * The electric
field equations * Numerical calculations of the poles:
infl’uence of the interfaces’ « Field amplitude; the
antipode effect (results of measurements and the-
oretical calculations) * Phase spectra, diurnal phase

variation, and phase velocity * Resonance excitation
of the earth-ionosphere waveguide (theory and ex-
periment) * Influence of the earth's magnetic field *
The atmospherics; propagation of discrete signals' in

the earth-ionosphere waveguide ¢ Transmission of -
" low-frequency waves through the -ionosphere in the

geometric- optical approximation * Propagation of
low-frequency waves in the outer |onosphere * Con-
clusion « Literature cited.

Consultants Bureau
Special Research Report

Approx. 172 pages . 1970 $2250
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 COMPUTER APPLICATIONS -
"IN THE EARTH SCIENCES

Aqtlinternnﬁonal Symposium

, ’ F;roceedings of a conference on the state of the aft,
held at The University of Kansas, Lawrence, June 1969

. /.
Edited by Daniel F. Merriain
Chief of Geologic Research, Kansas Geological Survey

The University of Kansas, Lawrence, Kansas
7

[

.

P

Internationally renowned authorities system-

puter applications in the earth sciences,
including past developments, current uses,
and future possibilities. The application of
computers to the earth sciences and the
current computer methods developed are
" presented in relation to innovations in prob-
lem solving and data processing. Subjects
covered include geochemistry, geophysics,

atically review the state of the art of com--

hydrology, mining geology, oceanography,
paleoecology, paleontology, petroleum en-
gineering, petroleum geology, petrology,
sedimentology, stratigraphy, and structural
geology. Uniquely coordinating various dis-
ciplines, this volume provides an invaluable
information framework for geologists, math-
ematicians, computer scientists, and engi-
neers. .

v

CONTENTS: Developments at the man-mac.hine inter-

and D. Z. Briggs * Computer processing of seismic

reflections in petroleum exploration, Milton B. Dobrin
- Future -of well-data information systems, lames M.
Forgotson, Jr. and John L. Stout * ‘Modelling the pe-
trology of detrital sediments, John C. Griffiths and
‘Charles W. Ondrick * Aspects of quantitative distri-
butional paleoecology, Roger L. Kaesler ¢« Computer
applications in mining geology, George S. Koch, Jr. *
Computer applications and developments in petrology,
D. B. Mcintyre ¢ Systems analysis in water-resources
investigations, N, C, Matalas * The constant sum prob-

5 .

face, E. W. Peikert'* Stratigraphic analysis, L. I, Briggs '

lem in geochemlstry,’A T. Miesch * Systems analysis—
the next phase for computer development in petroleum
engineering, Floyd W. Preston ° Computér as a re-
search tool in paleontology, David M. Raup ¢ Com-
puters in oceanography, M. A. Rosenfeld and Carl O.
- Bowin ¢ Trends in computer applications in structural
geology, E. H. T. Whitten ¢ The computer in geological
" perspective, W. C. Krumbein ¢ Ipdex.

Approx. 282 pages PP 1969 $12.50
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